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Kurzfassung 
Im Rahmen der Dissertation wurden verschiedene Einweg-Lab-on-Chip Systeme 
entwickelt, die beispielsweise bei biotechnologischen Parameterstudien von 
Mikroorganismen zur Bioprozesssteigerung oder von humanen Zelllinien zum 
Wirkstoffscreening Anwendung finden. Die Mikrofluidik ist ein vielversprechendes 
Forschungsgebiet für die Herstellung von kostengünstigen Mikrochips, womit der 
steigende Bedarf für Screening-Daten aufgrund von Vorteilen wie Zeit- und 
Kostenreduzierung erfüllt werden kann. Eine ideale mikrofluidische Plattform zum 
biotechnologischen Screenen sollte aus folgenden Gruppen bestehen: (i) dem 
Mikrobioreaktor zur Kultivierung, (ii) mikrofluidische Komponenten zum 
Transportieren, Filtrieren und Mischen von Suspensionen, und (iii) einem 
enzymatischen Biosensor für die on-Chip Analyse von Substratkonzentrationen. 
Innerhalb der Arbeit wurden diverse horizontal und vertikal positionierte 
Mikrobioreaktoren entwickelt, hergestellt und erfolgreich zum Screenen von 
unterschiedlichen biologischen Expressionssystemen (wie S. cerevisiae, A. ochraceus 
und humane Endothelzellen) angewendet. Die Integration von geometrischen, 
optischen und elektrischen Funktionselementen erlaubte eine online Überwachung von 
verschiedenen physikalischen, chemischen und biologischen Prozessparametern 
während der Kultivierung. Im Bereich der Gruppe (ii) wurden passive und aktive 
Mikoventile, PZT- und pneumatisch aktuierte Mikropumpen, Filtrations- und 
Mischkomponenten hergestellt und charakterisiert. Gruppe (iii) umfasste die 
Entwicklung eines enzymatischen Biosensors mit hybridem (elektrochemisch-optisch) 
Messumformer. Der einheitliche Chipaufbau aller Lab-on-Chip Systeme – bestehend 
aus einer Kombination von strukturiertem Polydimethylsiloxan und Glas – erlaubt das 
monolithische und modulare Zusammenschalten der Einzelsysteme zu der 
gewünschten Plattform. Da für erste Prototypen eine modulare Verschaltung zu 
bevorzugen ist, wurde ein Baukastensystem entwickelt, welches eine standardisierte 
und benutzerfreundliche Plattform für flexible Versuchsaufbauten bietet.   
https://doi.org/10.24355/dbbs.084-201901241153-0
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Abstract 
The main goal of this work was to develop different disposable Lab-on-Chip (LoC) 
systems for the application of biotechnological screening e.g. for bioprocess 
development through microorganisms or drug testing with human cell lines. 
Nowadays, microfluidics represents a highly promising field for the fabrication of 
microtools, as the increasing demand for screening data are difficult to meet with 
current platforms. This is mainly due to time and cost aspects as well as a limited 
amount of newly developed drugs. The ideal microfluidic platform for 
biotechnological screening should include three different groups of elements: (i) 
microbioreactors (MBR) in which cultivation takes place; (ii) auxiliary microfluidic 
systems (for transportation, filtration or mixing), and (iii) enzymatic biosensors for on-
chip analysis of substrate concentrations which are difficult to measure offline due to 
small available sample volumes. Within the scope of this work, various horizontally 
and vertically positioned MBR designs (resembling plug flow reactors, micro stir tanks 
or bubble columns) were developed, fabricated and successfully applied to the 
screening of different biological expression systems, such as yeast cells (S. cerevisiae), 
fungal spores (A. ochraceus) and primary human endothelial cells. Different integrated 
functional structures based on geometrical, optical or electrical elements allowed for 
online monitoring of various physical, chemical and biological process parameters 
during cultivation. In terms of the second group, passive and active microvalves, PZT- 
and pneumatically actuated micropumps, passive filtration and mixing elements were 
produced. The third group comprised different types of enzymatic biosensors based on 
a hybrid detection principle (electrochemical-optical) and on different types of 
enzymatic responses. In general, the unique LoC setup (patterned element made of 
poly(dimethylsiloxane) and bonded to a glass substrate) allows an easy integration of 
systems into one monolithic LoC platform which are usually better suited for 
technically mature systems. Modular systems are advantageous for prototyping of new 
microfluidic applications. Therfore, an LoC construction kit was developed that offers 
a user friendly, standardized modular platform. 
https://doi.org/10.24355/dbbs.084-201901241153-0
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  1 
1 Introduction 
It is assumed that the percentage of microorganisms and mammalian cell lines that 
have yet to be discovered is around 95-97 percent, not including the significant 
number of knock-out mutants and recombinant strains, that could contribute to new 
biological product development in the food, pharmaceutical, energy and environmental 
industry. Considering both the high quantity of biological diversity and the rapid 
progress of genome sequencing techniques, the development of cultivation platforms 
aiming towards reliable high-throughput (HTP) screening for bioprocess development 
remains a challenge. The goal of screening is parallel, automated and rapid generation 
of a high amount of data that entails the estimation of growth kinetics, optimal media 
composition and optimal process parameters for high yield production. Common 
screening methods are limited because the procedural expenses (e.g. sterilization, 
assembly, cleaning and calibration of sensors) escalate with an increasing quantity of 
microorganisms [Zan04]. The integration of online analytics and the continuous 
cultivation mode in conventional screening instruments, such as microwell plates, is 
very limited or even not possible. For this reason innovative microenvironments are 
indispensable tools and their development has steadily increased over the last few 
years [Sch09]. As far as other newly developed pharmaceutical products are 
concerned, it has also been proven that small volume human cell cultures denote a 
great potential for high-speed drug screening. In place of animal essays, in vivo- or in 
vitro-like cell microenvironments have played an important role due to the fact that 
novel drug formulations are often limited in volume. Therefore, the application of 
microfluidics to the study of cells has also spawned significant research in recent 
years, and several reports about microfluidic-based cell culture devices have been 
presented [Mey08].  
For the study of both microorganisms and mammalian/human cells, small volume 
cultures offer the advantageous combination of a global reduction in experimental 
costs and time with simultaneous process enhancement. This is related to the fact that 




such as substrate and metabolite concentration profiles, temperature, pH, residence 
time, mass and heat transfer and flow rate) together with an increased flexibility of 
parameter screening. During screening, continuous online monitoring and control of 
different physical, chemical or biological parameters in these microenvironments is 
essential, because of the limitations of elaborate offline analytics which results from 
the small available sample volumes in rapidly changing microcultures.  
With microtechnology, innovative screening tools can be fabricated that 
simultaneously allow integration of fluidic structures with electrochemical and optical 
elements for culture control and monitoring. This type of microdevice is also known as 
a Lab-on-Chip (LoC) and provides the highest available performance from small 
detection volumes. Regarding detection methods, the optical readout has become the 
dominant method of choice, largely because it has been shown to guarantee the highest 
sensitivity. Through the use of soft lithographic techniques in combination with 
poly(dimethylsiloxane) (PDMS), inexpensive disposable microchips can be produced 
with transparent and biocompatible characteristics [Whi01]. In addition to the 
difficulty concerning the development of geometrically and fluidically suitable 
microenvironments for the applied cells (e.g. adhesive or suspended growing) and 
desired cultivation conditions (e.g. batch or continuous), another challenge that arises 
is the employment of a large number of online analytics within the culture chamber. 
Many parameters can be measured online within the microbioreactor (MBR) chip 
itself, but the monitoring of substrate and metabolite concentrations has to be 
performed atline or rather on-chip. Enzymatic microbiosensors can be integrated 
together with other auxiliary microelements for the analysis of small volume samples. 
This allows for the fabrication of a complete LoC platform composed of the MBR 
itself, micropumps, microseparators, micromixers, and the enzymatic biosensor. 
In this work – which was conducted within the framework of the DFG-research group 
FOR856 mikroPART “Mikrosysteme für partikuläre Life-Science-Produkte” – 
different microfluidic components with integrated online analytics were developed for 
the screening of various biological expression systems (yeast cells, fungal spores and 
human endothelial cells). The potential of innovative cultivation techniques based on 
microfluidics has been examined. The design is multi-disciplinary including 





Chapter 2 describes the motivation of LoC technology for bioengineering applications. 
The main physical characteristics of microfluidics are pointed out, as conditions on the 
microscale differ from those on the macroscale. In Chapter 3 the concept of the 
disposable LoC platform for biotechnological screening is introduced. The basic 
materials (photoresist SU-8, glass, PDMS, sol-gel, indium-thin oxide) and their 
fabrication technologies are explained in Chapter 4 and the chapter terminates with a 
short description of the applied microorganisms and cells. Chapters 5-7 present the 
three different classifications of microsystems that make up the disposable LoC 
platform (MBR, auxiliary microfluidic systems and on-chip biosensor). The core of 
this LoC platform is the MBR. Different horizontally or vertically positioned MBRs 
were developed in the scope of the work with increasingly complex online analytics in 
order to monitor parameters such as retention time, dissolved oxygen concentration 
(DO), pH, cell morphology, and optical density (OD) among others. The common 
characteristic of all MBRs is its simple setup based on a glass substrate (optionally 
structured with metallic electrodes) that is covalently bonded to a PDMS layer. This 
PDMS layer features the desired reactor design and structures for different optical 
interrogation approaches. Therefore, each developed MBR is described with regard to 
its design (partially based on fluidic simulation), procedural characteristics, integrated 
online analytics and successful application for biological cultivation and analysis. 
Section 5.4 presents additional functional elements (flexible emitters, filters etc.) and 
their characterization for increased integration density within microfluidic biodevices. 
The second group of the total LoC platform is described in Chapter 6 and includes 
auxiliary microfluidic systems: microvalves, micropumps, microseparators and 
micromixers. These systems are obligatory for the sampling of the culture medium 
from the MBR, its transportation and preparation for the final analysis. During 
analysis, substrate and metabolite concentration are determined in an enzymatic 
biosensor which is based on electrochemical or optical detection (Chapter 7). The 
integration of all components of the three groups can either be achieved in a modular 
or monolithic way. Concepts of both principles are described in the final section 
(Chapter 8) and their advantages and disadvantages are pointed out, along with their 




  5 
2 Theoretical Background 
Microsystem technology and microfluidics in combination with biotechnology has 
recently recorded enormous progress. Highly promising applications can be found in 
advanced and innovative screening techniques for cell studies and analysis. In the 
following subchapters the motivation of LoC technology is described at large and 
physical characteristics in microfluidics are compared to those on the macroscale. 
Furthermore, applications of LoC technology especially with regard to biological 
cultivation and analysis are explained and their advantages over conventional 
techniques are pointed out. Finally, a short overview of the basics in bioprocesses 
(batch/continuous cultivation and control parameters) is provided.  
2.1 Motivation of Lab-on-Chip Technology 
The objective of miniaturization of biological and chemical analyses is to reproduce all 
(or most) of the required stages namely cultivation, sample treatment, separation, 
transport and measurement while requiring a minimal amount of samples and reagent 
volumes. Manz and co-workers [Man90] defined these miniaturized systems as micro 
total analysis systems (μTAS) (or also LoC) representing a scaling of single or 
multiple laboratory processes down to chip format. The precedence that these 
configurations have acquired stems from major developments in two main fields: 
microfluidics and detection methods. The scaling down of the systems does not only 
result in the reduction of size (portability) and price (reagent consumption, 
disposable), but also in a significant improvement of the analytical performance 
(sensitivity, repeatability, parallelization and automation). With online analytics, a 
multifunctional integration with a high degree of compactness can be obtained and the 
inherent short response time of microsystems further decreases analysis time. In the 
early stages of LoC technology, systems were fabricated by means of silicon 
technology [Her09], but over the years newly developed technologies (mainly UV-




extremely inexpensive production of disposable microdevices using PDMS [Fri10]. 
The mentioned advantages represent the main reasons for interest in miniaturized 
systems for biochemical, biotechnological and medical applications. But still, since it 
is a quite novel technology, huge potential in technology and system development 
remains.  
2.1.1 Physical Characteristics of Fluids on the Microscale  
On the microscale different forces dominate than on the macroscale which has a 
significant impact on the fluid. This has to be carefully considered when down-scaling 
existing principles and apparatus from macro- to micro-dimensions [Wal04]. The 
following physical effects represent the dominant factors in microfluidic systems: 
Laminar flow, diffusion, surface-to-volume ratio and surface tension [Bee02]. In 
addition, the elimination of microbubbles within microfluidic systems is a drawback of 
LoC technology and will therefore be described more in detail.  
Physical Effects 
Fluid flow is characterized by the dimensionless number Re according to Reynolds 




=Re h      with    
U
A4
=dh  (Eq 2.1) 
Where  is the characteristic, average flow velocity, dh the hydraulic diameter of the 
usually rectangular microchannel (ratio of cross section A and the perimeter U) and  
the kinematic viscosity. Due to the small dimensions and the dominance of viscous 
friction forces in microfluidic systems, Re-numbers are usually smaller than one and 
result in laminar flow [Bro96]. This flow behavior can be regarded as streamline flow 
of parallel layers featuring a parabolic velocity profile with zero velocity at the wall. It 
is characterized by low momentum convection and high momentum diffusion. The 
latter describes the concentration equilibrium (movement of particles from higher 
concentrations to lower ones) resulting from Brownian motion and is defined by 
FICK’s law (Eq 2.2) 
 Dt2=d2d   (Eq 2.2) 
Where dd is the distance that a particle covers in a defined time t through a medium 




root of the diffusion coefficient, it is clear why diffusion can be regarded as the 
predominant transport mechanism in microsystems. The decrease of geometrical 
dimensions also results in a higher surface-to-volume-ratio (SVR). One of the main 
advantages obtained by a high SVR is rapid heat and mass transfer. Disadvantages of 
strong surface-to-volume-effects, such as absorption of proteins and cells on the wall, 
could cause problems especially concerning the hydrophobicity of PDMS. For this 
reason among others, surface-to-volume-effects such as surface tension are crucial 
factors not be overlooked on the microscale. For example, surface tension plays an 
important role for the bubble formation in microreactors. In general, an increased 
wettability is desired within microfluidic devices. The hydrophilicity is related to the 
contact angle being defined by the interfacial tensions between all three phases solid, 
liquid, gaseous. For contact angles of the PDMS greater than 90°, the liquid is said to 
be nonwetting [Ngu06]. 
Bubble Elimination in Microsystems 
It is commonly known, that microbubbles frequently pose blockage or clogging 
problems in microfluidic devices [Gra93, Jens04], although this topic is mostly 
concealed in microfluidic literature. Microbubbles for example can appear in 
microfluidic devices due to a change of medium during an experiment (in cultivation 
procedure e.g. when the reactor device is inoculated with cells) or due to evaporation 
phenomenon (e.g. in batch cultivation). In long term bioprocesses bubble formation is 
inevitable because of the cells’ metabolism which results in the conversion of oxygen 
to carbon dioxide. These undesirable gas bubbles spoil the stable laminar flow and 
cause total channel clogging or strong divergence of the characteristic microfluidic 
flow followed by decreasing cell viability. Therefore, it is not trivial to completely 
eliminate bubbles in microfluidic passages. In this respect, a couple of methods for 
bubble removal have been recently proposed by different research groups. A careful 
design of microfluidic passages and interfaces is thus required to avoid dead zones that 
are typically predestinated for bubble clogging [Liu07]. Kang et al. [Kan08] presented 
a pressure-driven bubble elimination method that functions based on the closing of all 
system outlets and a constant inlet flow. In doing so, the pressure on the bubbles 
augments and air is driven through the system to permeate the PDMS membrane. 
Although this process is quite tedious (conducted experiments needed around 20-
30 min depending on the quantity and size of bubbles), it represents a method to 
effectively eliminate bubbles and was used in several of the experiments conducted in 




work forces bubbles to permeate through the PDMS membrane via a bonded PDMS 
chamber and applied vacuum. With this sandwich structure, bubble removal times of 
5-8 min were obtained. Although the setup is more complex (additional PDMS layer), 
the advantage compared to the prior method is that continuous fluid flow is 
guaranteed. Other more complex methods include the integrated active bubble traps 
presented by Skelley at al. [Ske08]. Used media should definitely be carefully 
pretreated before filling the microdevices, e.g. with ultrasound for degasification. It 
should also be noted that bubble removal performance is influenced by the 
hydrophilicity of the microfluidic system. 
2.2 Biotechnological Screening 
Biological processes that naturally occur in living microorganisms and mammalian 
cell cultures offer great potential for use in product engineering in different industrial 
areas, such as: beverages (fermented juices), food (baker’s yeast), drugs and disease 
prevention (vaccines) and environmental engineering (fuel additives). Although a wide 
range of products produced via biological processes already exist, the discovery 
potential for new “biological factories” is tremendous. Once a new or mutated 
microorganism has been identified, an intensive process follows to analyze the 
optimal, monoseptic cultivation conditions for optimal growth and production. 
Currently, only a very small portion of the overall synthesis activity of cells is usable 
in biotechnological applications because of methodical, statistical and physiological 
limitations. Conventional screening procedures also possess performance limits in 
their application to microorganisms that are difficult to cultivate. Figure 2.1 illustrates 
the difference between various conventional screening bioreactor systems concerning 
the obtained experimental throughput and the quality of the achieved process 
knowledge to potentially predict the performance in large scale production bioreactors. 
Screening in well plates and shake flasks results in high experimental capacity per 
researcher, however with the drawback of uncontrolled culture conditions and the 
restriction to only batch cultivation (Chapter 2.2.1). These disadvantages are reduced 
by use of laboratory scale reactors (10-1-10 L), yet experimental throughput decreases 
while both operational and financial efforts increase. Miniscale reactors (10-4-10-2 L), 
which have been developed over the last decade (see Chapter 5.1), try to overcome the 
disadvantages of well plates/flasks and laboratory bioreactors. Nevertheless, sampling 
for offline analytics of substrate and metabolite concentration is still necessary and 





Figure 2.1: Experimental throughput (quantity) versus process knowledge (quality) of conventional 
bioprocess technologies when compared to LoC technology  
LoC technology offers a high capacity and information rich screening procedure, as it 
allows for the combination of microfluidic cultivation chambers with a high amount of 
online and on-chip sample treatment and analysis. Thus, microscale bioreactors (10-6-
10-4 L) with integrated online analytics (such as microbiosensors) possess both the 
advantages of shake flasks and well plates (small working volume) as well as those of 
laboratory stir tanks (monitoring of process conditions). The advantages of an LoC can 
be applied to MBRs for preferred conditions such as: (i) small volume (minimization 
of expensive substrates use, reduction of process time), (ii) accurate control of process 
parameters (high heat and mass transfer e.g. for quenching and reduction of mutation 
rates of microorganism [Bee02]), (iii) HTP (parallelization, automation), (iv) use as 
disposable (minimization of sterilization effort), (v) faster and more sensitive analysis 
and (vi) continuous operation mode. On the one hand, for successful 
microtechnological transfer of conventional bioreactors, a careful examination of the 
physical properties and effects of downscaling is necessary. On the other hand, 
successful performance of LoC based bioreactors is only proven, when obtained 
results are comparable to those achieved by use of conventional techniques.  
2.2.1 Biological Cultivation and Biotechnological Processes 
For the most part, cultivation processes can be distinguished according to their 
operational mode which can roughly be classified as batch or continuous cultivation 
[Pör06]. The combination of characteristics of both batch and continuous mode is 





In a batch procedure nutrients are provided one time at the beginning of cultivation 
and represent the limiting factor in the course of cultivation. Figure 2.2(a) illustrates 
the four representative phases of batch mode with respect to cell and substrate 
concentration over cultivation time.  
 
Figure 2.2: Different operational modes in cultivation processes: (a) batch cultivation, (b) 
continuous cultivation  
In the lag phase (1) cell growth starts, but cell division is delayed because of the 
varying conditions of the preculture which is usually performed in richer medium. 
Upon transferring the inoculum into poorer medium, microorganisms have to adapt 
their metabolism to the new conditions. In the exponential (log) phase (2), cells divide 
as fast as possible according to the growth medium, the microorganism itself and 
environmental conditions. Cell population increases steadily as the substrate supply 
rapidly approaches zero concentration. The maximal specific growth rate can be 
obtained from this exponential phase, but this phase is limited in duration (3). In the 
stationary phase, cell growth and death are equal resulting from limitations in 
nutrition/oxygen supply and produced toxic compounds. The quantity of dead cells 
increases and the death phase (4) commences, characterized by cell lysis. The main 
disadvantage of microscale batch cultivation is the limited sample volume for 
continuous analysis.  
Continuous Cultivation (Chemostat) 
A continuous cultivation is characterized by constant nutrient supply and a steady 




the culture in balance for an extended period of time. The characteristic evolution is 
depicted in Figure 2.2(b). Substrate concentration decreases with time, while cell 
concentration after the lag phase (1) increases exponentially (2). The product 
concentration reaches a maximal value after exponential growth phase and remains 
constant in the stationary phase (3). Due to continuous outflow, cell concentration 
inside the bioreactor remains constant. The growth rate μ during stationary phase is 
equal to the dilution rate D (ratio of flow rate and culture volume) and a dynamic 
equilibrium, the so-called chemostat cultivation is attained where the different 
concentrations feature only marginal changes. 
2.2.2 Controlled and Measured Parameters during Cultivation 
During cultivation the control and monitoring of different physical, chemical and 
biological parameters is essential. The main parameters are listed in Table 2.1. In 
general, most of the physical and chemical factors can be analyzed directly within 
industrial bioreactors, whereas biological parameters normally can only be monitored 
and controlled indirectly by means of elaborate sample treatment and offline analytics.  
Table 2.1: Different controlled and monitored parameters in biological processes  
Physical Chemical Biological 
Bubble formation Broth composition Biomass composition 
Culture viscosity Conductivity Enzyme concentration 
Gas flow rate Dissolved carbon dioxide Morphology 
Gas hold-up DO (dissolved oxygen) OD (optical density) 
Liquid level, foam level Exit gas composition Viability 
Medium flow rate pH  
Power consumption Redox potential  
Pressure   
Reactor weight   
Retention time   
Temperature (Heating)   
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3 Disposable LoC Platform: Concept 
Within the scope of this work, different LoCs containing various functional structures 
have been developed, which could be joined to an LoC platform in either a modular or 
a monolithic way. The different LoCs can be categorized into three basic groups: the 
MBRs, auxiliary microfluidic systems and the on-chip biosensor. Figure 3.1 presents 
the flow sheet of an LoC platform that allows for biological cultivation and screening 
with regard to MBR online analytics - such as OD, DO, temperature, pH and retention 
time. It furthermore proposes a conceptual possibility to combine the MBR with the 
on-chip enzymatic biosensor. This system is capable of integrating all single steps, 
including the sampling of the culture medium from the MBR, its transportation and 
preparation (filtration), the biochemical reaction and finally the optical/amperometric 
detection of educt and product concentration.  
 
Figure 3.1: Flow sheet of the LoC platform consisting of three basic groups: (I) the MBR, (II) the 
auxiliary microfluidic systems and (III) the on-chip biosensor 
As previously stated, the first group LoCs includes the developed MBR designs, which 
represent a major part of this thesis. The MBRs can further be categorized into 
horizontal MBRs (hMBR) and vertical MBRs (vMBR). Integrated functional 
structures (such as optical mirrors, segments or metallic electrodes) allow for online 
monitoring. Five different hMBRs and two vMBRs (biphasic or triphasic) were 
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developed and applied to different cultivations in batch or continuous mode. They vary 
in the complexity of their integrated online analytics, which can be based on 
geometrical, optical or electrical elements (Table 3.1).  
Table 3.1: Different physical, chemical and biological parameters studied in this work  
 Parameters Geometrical Optical Electrical 
Physical Bubble formation  X  
 Retention time  X X 
 Temperature (Heating)   X 
Chemical Broth composition   X X 
 Conductivity   X 
 DO  X  
 pH  X  
Biological Cell counting X   
 Morphology  X X  
 OD  X  
 
To further increase the integration density, integrated emitters, filters, functionalized 
waveguides and microheaters were developed/optimized as well as antiseptic PDMS 
composites. The second group of LoCs comprises the auxiliary LoCs, which are 
needed for online sample treatment. For example, a pneumatically actuated three valve 
system can be utilized to treat a specific amount of a sample in a defined interval. By 
means of micropumps, (piezo actuated or pneumatically driven) the sample is 
transported to the filter structures in order to separate the remaining cells from the 
supernatant. The supernatant is then again mixed with different cofactors needed for 
the subsequent detection in the enzymatic biosensor (group III). Diverse enzymatic 
reactors have been developed in this work which can be differentiated in the 
recognition element and the detection method. The latter is based on an amperometric 
principle which uses integrated electrodes and optical principles by means of 
integrated PDMS or sol-gel segmented waveguides. The developed fabrication 
technology allows a multienzyme reactor for the simulatenous detection of different 
analytes.  
In general, all developed LoCs are characterized in detail according to the desired 
requirements. The greatest challenge of all LoCs development is to maintain a high 
integration density of functional elements for parameter analysis, and low fabrication 
costs in order to use them as disposables in an integrated modular or monolithic LoC 
platform. 
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4 Materials and Fabrication Technologies 
The fabrication of LoC devices is largely based on standard silicone procedures, yet 
the fabrication technology must be altered to keep up with ever-changing LoC 
demands, such as: optical transparency, biological and chemical compatibility, low 
production costs and fast prototyping. To meet these requirements other materials 
(polymers and glass) have to be used, and the standard technologies – such as thick-
film lithography and soft lithography – have to be adapted for these materials. In 
general, all microdevices fabricated in this work consist of a patterned PDMS element, 
covalently bonded to a glass substrate. This substrate can feature – if required – 
several integrated online analytics. Gold electrodes are for example structured for 
retention time measurements. Indium tin oxide (ITO) can be applied for transparent 
and conductive microheaters. Dyed sol-gel glass can be used for integrated optical 
filters or emitters. In general, the structured PDMS cover is patterned via a replica 
molding technique using a master structure based on negative photoresist SU-8. In the 
following, the used materials (SU-8, PDMS, sol-gel glass and ITO) are presented with 
regard to their characteristics and processing. The realization of the fluidic and 
electronic interfaces are explained. Finally, the applied biological expression systems 
are described according to their properties and cultivation conditions.  
4.1 Epon SU-8 Photoresist  
The photoresist SU-8 is applied for structuring of negative molding masters, that are 
used for PDMS replica molding. Throughout this work, a differentiation is made 
between masters based on single and double lithographic steps.  
4.1.1 Characteristics  
The negative tone SU-8 is an epoxy based UV-sensitive photoresist which was 
developed for high aspect ratio lithography of ultra-thick resist layers [Gel98]. The 
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SU-8 formulation used in this work was provided by MicroChem Corporation 
(Newton, MA, USA) and contains the following three chemical components: EPON 
SU-8 resin, -butyrolactone (GBL) or propylenglycol methyl ether acetate (PGMEA) 
as organic solvent, and triarylsulfonium salt as photoactive substance. The quantity of 
included solvent (GBL or PGMEA) influences the viscosity of the resist: MicroChem 
Corporation offers several formulations labeled with an index (SU-8 100, SU-8 50, 
SU-8 25, SU-8 5). The higher the index, the greater the viscosity of the resist, and thus 
the thicker the resulting spun-on layer with a constant rotational speed. The maximal 
layer thickness obtained through the spin-on process is in the range of a few hundred 
microns. Thicker layers can be achieved by multi spin processes [Con02], which must 
be adapted for each process. The desired resist layer thickness is not only influenced 
by the resist viscosity, but also by the volume of dosed resist, the rotational speed, the 
spin-on time and the thickness of the substrate (including preliminary spun-on layers). 
Although SU-8 guarantees reliable mechanical properties and chemical stability 
[OBr01], a 100 % biocompatibility according to ISO 10993 cannot be assured, even 
when the toxicity of SU-8 only has a minor impact on the sample [Kot02]. Therefore, 
SU-8 should not be directly applied in microfluidic devices when working with 
sensitive biological material like human cells. However, it shows very useful 
properties for utilization as negatively structured molding masters, as it guarantees 
precise layer thickness generation with reliable reproducibility, once the processing 
parameters have been optimized. 
4.1.2 Fabrication Technologies and Processing 
Throughout this work master structures are employed for soft lithographic molding 
with a glass substrate. SU-8 shows sufficient adhesion to glass, which can therefore be 
utilized as the carrier wafer due to its smoothness and low cost. The processing of 
SU-8 always follows the same basic procedure: Spin-on of resist, leveling, prebake, 
exposure to ultra-violet (UV) radiation, post exposure bake (PEB) and development. 
For the LoCs designed in this work different masters are needed, which are produced 
by single or double lithographic steps. The latter procedure features either the 
combination of thin-thick layers or thick-thin layers, covered with complex 3D 
structures. The procedural steps have to be optimized for every combination of layer 
heights and the general procedure of a double lithographic process is described in 
Figure 4.1(1-4). More details and peculiarities pertaining to the optimized single 
processing steps of each device are specified in the subsequent chapters as well as in 
the overview list in the appendix A. A soda-lime 700 μm thick glass substrate 
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(Borofloat®33, Schott AG, Mainz, Germany) is preliminarily cleaned and dehydrated. 
For double lithographic processing, metallic alignment structures on the bottom side of 
the substrate are obligatory, but can be omitted for single lithographic procedures. The 
process for metallic structuring of glass is described in Chapter 4.2.2. After 
dehydratation, the top side of the substrate is surface activated in oxygen plasma. The 
first resist layer (SU-8 5) is spun on (spin-on coater Gyrset®, SUSS MicroTec, 
Garching, Germany) and dried for 10 min at 95 °C. This layer – acting both as an 
adhesion promoter and seed layer– is flood exposed to UV-light and baked (PEB) at 
95 °C (1). The exposure of the resist to UV-radiation (365-425 nm) causes the 
conversion of the photoactive compound to an acid which catalyzes the polyaddition 
of the resist at elevated temperatures. 
 
Figure 4.1: (a) Fabrication procedure of a double lithographically structured negative SU-8 mold, 
(b) Photograph of a double-structured SU-8 mold 
Before spin-coating of the subsequent structure layer, the seed layer is activated in 
oxygen plasma. Now – depending on the desired layer thickness – SU-8 5, 25 or 50 is 
applied at an optimized, specific rotational speed, leveled with cover glass, and dried 
at 95 °C. The leveling period minimizes irregularities in wafer thickness through self-
planarization and can be accelerated through heating to a maximum of 50 °C. Drying 
time depends on the layer thickness. Multilayer processing (two coating steps instead 
of one) minimizes irregularities for better overall consistency in layer thickness 
compared to monolayer coating. The first structure layer is exposed to UV-light by use 
of a chromium mask featuring the desired structures (2). The mask is aligned 
according to the bottom side alignment marks and a PEB follows. The second structure 
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layer SU-8 is spun-on, leveled, baked, and exposed to UV-light again by adjusting the 
second chromium mask to the backside gold alignment marks (3). After PEB, 
unpolymerized regions of the SU-8 are removed in PGMEA (MicroChem Corporation, 
Newton, MA, USA) (4). The developing step, which should be carried out at least 12 h 
after exposure to avoid SU-8 cracks because of tensile stresses, is completed with the 
cleaning of the system in 2-isopropanol.  
4.2 Glass with Functional Structures  
The microdevices considered in this work consist of a glass substrate, as it allows for 
the integration of functional structures, such as metallic electrodes, etched glass 
cavities for planar embedding, or etched throughputs for fluidic connections. 
4.2.1 Characteristics 
The use of glass as substrates for disposables LoCs is advantageous, as it features the 
following characteristics: (i) transparency allowing optical analysis on the z-axis and 
control via microscopy, (ii) high stiffness (Young’s modulus of 63 GPa, [Sch08]) for a 
robust setup, (iii) inert biological and chemical properties and (iv) low-cost. 
4.2.2 Fabrication Technologies and Processing 
Metallic Structuring 
Figure 4.2(a) illustrates the fabrication steps of metallic structures for microdevices 
which are either composed of chromium-gold (10 nm and 275 nm, respectively) or 
ITO-gold layers. The latter will be considered more in depth in Chapter 4.5. After the 
cleaning of the 700 μm soda-lime glass with a mixture of hydrogen peroxide and 
sulphuric acid, the wafer is dehydrated at 120 °C for 1 h. Afterwards, a chromium-gold 
layer is deposited on the cleaned side via the sputtering machine (Von Ardenne 
Anlagentechnik, Dresden, Germany) and spin-coated with the positive resist 
ma-P 1215 (micro resist technology GmbH, Berlin, Germany) (1). After a softbake of 
1 min, the resist is exposed to UV-light for 10 s (2) and finally developed in ma-D 331 
(micro resist technology GmbH, Berlin, Germany) (3). Before the etching of gold and 
chromium, the surface of the wafer is functionalized to be hydrophilic with oxygen 
plasma. These steps permit etching within small cavities. After the etching process (3), 
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the wafer is diced into its individual elements which are then cleaned with acetone and 
ethanol (4).  
 
Figure 4.2: Microtechnological processes of (a) metallic structuring of glass, (b) glass etching 
Etching of Glass 
Glass can be microstructured by use of dry or wet chemical etching methods resulting 
in cavities in defined shapes or through holes (Figure 4.2(b)). In this thesis, cavities of 
a specific diameter and depth were etched into the glass bottoms for planar integration 
of commercially available sensor spots for online O2 measurement (Chapter 5.2.2). 
This was accomplished through the sputtering of both sides of a cleaned 700 μm thick 
soda-lime glass wafer with a chromium-gold layer and spin-coating it with a positive 
AZ9260 resist (Clariant, Microresists, Germany) (1). The structurable photoresist 
additionally serves as a protective layer against the generation of pin-holes during the 
subsequent etching process in hydrofluoric acid etch solutions. The resist is spun on to 
both sides consecutively at 600 rpm, leveled for 15 min and baked at 100 °C for 1 h. 
Before exposure to UV-light with the respective cavity mask, the wafer has to be 
conditioned for at least 3 h to allow for water absorption and thus ameliorate the 
resist’s photosensitivity (2). After development, gold and chromium are etched. The 
substrate is activated in oxygen plasma and etched in a hydrofluoric etching solution 
(H2PO4 (85 %), HF (40 %) and H2O in a 57:17:26 vol%) for 3 h resulting in a cavity 
depth of 190 μm with an etching rate of 62 μm/h (3). Following rinsing, the resist is 
stripped and the metal protection layers are etched (4). The sensor spot can then be 
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introduced into the cavity. The generation of through-holes can also be accomplished 
via this etching process when structuring both sides. Glass wet etching is an isotropic 
process which must be considered when designing the mask. 
4.3 Poly(dimethylsiloxane) (PDMS) 
In the last years, PDMS has been increasingly utilized in microtechnology, especially 
in microfluidics and microoptics, as it is inexpensive and versatile. It is nowadays 
among the most popular polymeric materials employed. 
4.3.1 Characteristics  
PDMS is a commercially available, two component polymer with a silicone-like 
consistency. It is a flexible polymer with interesting and favorable properties such as 
durability, complete biocompatibility and non-toxicity, easy handling, low electrical 
conductivity, chemical inertness, low polarity, high transparency for wavelengths 
ranging between 240 and 1100 nm, thermal stability of up to 186 °C and compatibility 
to many organic solvents [McD02, Lee03a]. In addition, it is permeable to gases, a 
characteristic which permits it to serve as a gas permeable reactor membrane for 
passive oxygen supply. Besides the possibility of specific surface modification of the 
inherently hydrophobic PDMS, fhe fabrication of PDMS composites is also possible. 
This includes the functionalization of PDMS through doping with ink-dye for 
multiplexing or filtering capabilities (Chapter 5.4.2) and the integration of antiseptic 
nanoparticles for antiseptic surfaces (Chapter 5.4.4). Beyond its optical and structural 
properties and its quick and simple use, PDMS is attractive for the fabrication of 
prototypes or disposable LoCs, due to its low cost. Its ability to be processed with soft 
lithographic methods (Chapter 4.3.2) permits batch structuring of large areas with little 
residue. Disadvantages can be seen in the easy deformation of the PDMS material – 
especially for thin structures – and in its shrinking phenomenon when being tempered. 
However, the shrinkage ratio can be decreased by a reduction of the baking 
temperature [Lee08]. Another disadvantage of PDMS is its swelling in organic 
solvents. This is mostly undesirable, as it can influence the geometrical parameters and 
the surface characteristics of a microdevice. In 2003 Lee et al. reported on the different 
swelling ratios for various solvents [Lee03a]. PDMS has demonstrated partial 
resistance to acetone and other alcohols (e.g. 1-propanol, ethanol), but swells to a high 
extent in toluene.  
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4.3.2 Fabrication and Processing 
In the following subsections the processing of PDMS via soft lithography and its 
polymerization process as well as the most popular method - replica molding - are 
described. Furthermore, a double-sided molding technique is presented which 
increases the performance of replica moulding. Since the hydrophobic nature of PDMS 
is a large drawback for microfluidic applications, a hydrophilization procedure is 
adapted and characterized. 
4.3.2.1 Processing via Soft Lithography 
Whitesides et al. and Xia et al. coined the expression “soft lithography” for a non-
photolithographic microstructuring method to manufacture low cost micro- and 
nanostructures [Whi98, Xia98]. Soft lithography includes a set of methods based on 
printing or molding with the use of a patterned stamp [Whi01]. Among different 
procedures, the following three have been used and further adapted within this work: 
replica molding (RP), microtransfer molding (μTM) and micromolding in capillaries 
(MIMIC). The most widely applied technique is RP which creates PDMS replicas of a 
negative master form made e.g. with SU-8 (Chapter 4.1.2). μTM is based on a PDMS 
mold which is filled with liquid pre-polymer and then brought in contact with the 
substrate to transfer the pattern to the substrate. The MIMIC method is similar to the 
μTM procedure. However, here the PDMS mold is initially exposed to the substrate. 
The material to be patterned is soaked through channels in the hollow structures of the 
mold via capillary forces. Both methods - μTM and MIMIC - are utilized for the 
functionalization of PDMS in order to generate integrated emitters, optical filters or 
functionalized sol-gel waveguides as explained in Chapter 5.4. Several kinds of two-
part silicon elastomers are commercially available. Throughout this work, the 
elastomer kit Sylgard® 184 (Dow Corning Inc., USA) is exclusively used. The kit 
comprises both a silicone based elastomeric pre-polymer and a curing agent, which is 
usually mixed in a standard ratio 10:1, respectively.  
4.3.2.2 Polymerization  
The polymerization of the two component silicone elastomer is a hydrosilylation 
reaction which is catalyzed by a platinum catalyst contained in the curing agent 
(Figure 4.3(a)). The vinyl groups (CH2=CH-) of the siloxane oligomer covalently bond 
to the hydrosilane groups (SiH) of the curing agent. According to a polyaddition 
reaction, a 3D elastomer matrix is created without any further by-products. However, 
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within the elastomer network low molecular weight chains remain unlinked. The 
crosslinking occurs at room temperature, but can be accelerated by increasing the 
curing temperature. Lee et al. reported that increasing baking temperature augments 
the shrinkage ratio of PDMS, resulting in ratios of 1.06 %, 1.52 % and 1.94 % for 
temperatures of 65 °C, 80 °C and 100 °C, respectively [Lee08]. The Young’s modulus 
of the elastomer can be influenced by the ratio of oligomer and curing agent: a smaller 
ratio increases the Young’s modulus resulting in harder elastomer.  
 
Figure 4.3: (a) Polymerization of PDMS, (b) Replica molding process 
4.3.2.3 Replica Molding (RP) 
Replica molding is an efficient and inexpensive method to duplicate shapes and 
structures once fabricated on a negative master wafer, which can be based on various 
materials and structuring methods. One of the benefits of this technique is that the 
master can be re-used. Once the SU-8 negative master has been produced, the two 
components of the Sylgard 184 kit can be manually mixed for a maximum of 5 min. 
During this procedure, bubbles are generated which can be later removed in a vacuum. 
After degassing, the pre-polymer is poured on the master and conforms to the negative 
structures (Figure 4.3(b)). Due to the extremely small surface energy of the PDMS 
(21.6·10-3 J/m2) [Xia98], filling of smallest cavity structures is possible. Especially for 
small cavities a second degassing step is indispensable. In this work, the PDMS is 
generally cured at 70 °C for 1 h before it is removed from the negative master.  
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4.3.2.4 Double-Sided Molding 
The double-sided molding apparatus designed by Lucas et al. [Luc08] enables the 
molding of PDMS between two master structures and with it the possibility of 
generating coplanar surfaces of defined PDMS membrane thicknesses. The apparatus 
consists of two aluminium vacuum chucks, which are located between the master 
structures. The upper vacuum chuck features a flap design, integrated in a frame with 
hinge joints, which can be moved along the z-axis via three micrometer screws 
embedded in chamfer screws. The alignment of the two masters compensates for 
wedge errors and the definition of the projected membrane thickness. First of all the 
zero point – where the top and bottom master are in contact with each other – has to be 
determined. This is accomplished with an integrated circuit indicator placed between 
the frame of the upper chuck and each chamfer screw. After determination of the zero 
point, any desired membrane thickness can be set. Molding can either be carried out 
with the help of one structured and one planar master (for the patterning of one side 
with a defined PDMS membrane thickness) or with two structured masters (for the 
patterning of both sides with a defined intermediate layer thickness). Both procedures 
have in common, that one of the masters has to possess high material flexibility in 
order to ensure a demolding of the patterned PDMS. Considering the one sided 
patterning of PDMS with defined membrane thicknesses, the utilization of a planar 
polypropylene-foil as a flexible master structure is more than adequate, since it is 
commercially available and inexpensive. For double-structure molding, a process was 
developed that uses flexible, structured PDMS negative masters that feature a pre-
modified surface with tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (ABCR, 
Karlsruhe, Germany) to avoid a sticking to the patterned PDMS. The second stiff 
master structure holds the desired molding topography, which is always obtained via 
photolithographically SU-8 structuring in this work (Chapter 4.1.2). The lateral 
alignment of the two patterned masters is obtained with the help of the implemented 
alignment structures. Due to the relatively large size of these structures, the alignment 
can be performed with the naked eye. After adjustment of the desired thickness, the 
liquid PDMS pre-polymer is poured on the stiff master structure and degassed in a 
vacuum in order to ensure a complete coverage of the master with PDMS. The curing 
of the PDMS starts with the closing of the upper flap, resulting in the setting of the gap 
distance as previously adjusted. The PDMS can be demolded after curing at 60 °C for 
2 h with a ThermofoilTM (Minco GmbH, Saarbrücken, Germany). When performing 
double-structured molding, one additional bonding step can be avoided which will 
increase the quality for integrated LoCs. Within this work, defined membrane 
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thicknesses are used among others either (i) to ensure passive oxygen supply through 
the PDMS membrane of the culture medium during cultivation, (ii) to provide a 
defined isolation layer for ITO microheaters; (iii) to define the intermediate PDMS 
layers for pneumatically actuated microvalves and micropumps.  
4.3.2.5 Bonding of PDMS 
By means of bonding technologies enclosed microstructures can be produced. PDMS 
can be bonded both reversibly or irreversibly to itself or to different materials, such as 
soda-lime glass, pyrex glass or silicon. Reversible bonding is simply carried out by 
placing the PDMS replica on a cleaned surface. Due to van-der Waals interactions, the 
bonding is watertight but does not withstand higher pressures [McD02]. However, the 
sealing can be improved through irreversible bonding which is based on preliminary 
surface activation in air or oxygen plasma. This plasma contains ions of high energy 
that generate free radicals on surfaces. In doing so, methyl groups (-OSi(CH3)2O-) of 
the hydrophobic PDMS surface are converted into silanol groups (-OnSi(OH)4-n) 
[Duf98] resulting in a hydrophilic surface with polar characteristics (Figure 4.4(a)). 
This oxidation also functions for other materials (such as glasses) as long as they can 
be locally oxidized. When two oxidized elements are exposed to each other, covalent 
siloxane bonds (Si-O-Si) are formed via a condensation reaction (Figure 4.4(b)) 
resulting in an irreversible bonding.  
 
Figure 4.4: (a) Plasma activation of PDMS, (b) Covalent bonding of PDMS-PDMS or PDMS-glass 
As the parameters of the plasma depend on the applied plasma reactor, the optimal 
process parameters have to be individually determined. In this work, two different 
barrel etchers were used: Typ 308 PC, Surface Technology Systems (85 W, 75 ccm 
O2, 0.2 mbar for 30 s) and the plasma activate flecto 10USB, Plasma Technology 
(30 W, air, 0.2 mbar for 90 s). Jo et al. reported that the plasma activation starts to 
recover after ca. 15 min [Jo00] which is called the “hydrophobic recovery effect”. This 
https://doi.org/10.24355/dbbs.084-201901241153-0
Materials and Fabrication Technologies 
25 
effect might be due to different phenomenon: (i) chain scission, (ii) reorientation of 
hydrophilic groups from the peripheral surface into the bulk medium and (iii) 
migration of uncrosslinked low molecular weight chains from the bulk medium to the 
surface. This last phenomenon can impose problems for the surfaces of PDMS that 
have already been modified, as migration can lead to the damage of surface 
modifications. When the alignment of two counterparts is necessary, the surface 
activation can be prolonged by surface wetting with water, methanol or other polar 
organic solvents [McD02]. In this work, ethanol was exclusively used. In oder to 
simplify the procedure, it should be assured that ethanol can easily evaporate through 
the microfluidic device after alignment of both surface activated counterparts, e.g. via 
geometrical openings to the surroundings. Bonding of PDMS to the SU-8 resist can be 
achieved through preliminary modification the SU-8 surface e.g. with gas-phase 
silanization [Tal09] or hydrophilic surfactant-added SU-8 [Che07].  
4.3.2.6 Hydrophilization of PDMS 
One large drawback of PDMS is its hydrophobic nature, which causes problems for 
microfluidic applications such as in biological devices (cell wall adhesion) or two-
phase systems (liquid-liquid, liquid-gas). As fabrication techniques of microfluidic 
devices continue to advance rapidly, an inexpensive, easy, fast and stable surface 
hydrophilization procedure for PDMS is in high demand. Makamba et al. [Mak03] and 
Wong et al. [Won09] recently reviewed the wide range of existing, custom designed 
PDMS surface treatments with regard to categorization, principle and short 
explanation. Generally, differentiation can be made between two methods based on 
whether they feature either physical adsorption (nonionic surfactants, charged polymer 
and polyelectrolyte multilayer) or covalent bonding (self-assembled monolayers or 
covalent polymer coatings). One possibility is the covalent modification with self-
assembled monolayers using dissolved poly(ethylene glycol)-silane (PEG-silane) after 
surface activation in oxygen plasma (Figure 4.5(1)). The activated samples are 
immersed in PEG-silane solution (2-[methoxy(polyethyleneoxy)propyl]-
trimethoxysilane, 90 % from ABCR, Karlsruhe, Germany) under continuous 
circulation (2), rinsed twice with ethanol and finally dried (3). In literature, this general 
procedure has been used by Papra et al. [Pap00] and Sharma et al. [Sha07], however it 
has not been analyzed in detail with regard to process optimization, long-term stability 
and bonding characteristics. In this work, the covalent bonding procedure was adapted 
to the requirements of the developed LoCs. Therefore, different process parameters 
were analyzed and compared by measuring the resulting contact angels (CA). This was 
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done in close cooperation with the Institut für Oberflächentechnik (TU Braunschweig, 
Germany) via dynamic water drop shape analysis (OCA 20, Dataphysics, Filderstadt, 
Germany).  
 
Figure 4.5: Hydrophilization procedure for PDMS and CAs based on dynamic water drop shape 
analysis for hydrophobic PDMS (120°) and modified hydrophilic PDMS (10°) 
In all applied hydrophilization methods based on PEG-silane, it can be observed that 
coatings (CA  10-50°) drastically enhance hydrophilicity when compared to bare 
PDMS (CA  115°) (Figure 4.5).  
Different concentrations of PEG-silane in toluene (0.01 M, 0.1 M, 0.2 M) are tested 
with special consideration given to the cost factor and the quality of the surface 
modification. A concentration of 0.01 M is proven to be too low, causing 
inhomogeneous surface modification with regard to the average standard deviation 
(ASD) of the obtained CAs (2.7°) for triplicate measurements. The ASD is reduced 
with 0.1 M solutions, which decreases the value to 1.2°. No significant optimization at 
higher concentrations (0.2 M, ASD of 1.1°) can be obtained and so the optimal molar 
concentration is determined to be 0.1 M. The long-term stability of the grafting is 
analyzed with regard to the PDMS storage in different media (such as air, ethanol, 
deionised water and sodium chloride). Figure 4.6(a) demonstrates the devolution of 
CA for samples modified in 0.1 M PEG-silane toluene solution. It is proven, that long-
term stability remains for a week, when holding a stationary state value of around 40° 
to 50° for all media. After five months, only the CAs of the samples stored in NaCl 
and at air have drastically increased up to approximately 95°: the others remain stable. 
The low CAs below 10° observed directly after the modification procedure might 
result from unbound PEG-silane chains still remaining on the surface. The same 
reason is assumed to be responsible for the consistently lower CAs of the samples that 
were only exposed to air. These values are also featured with generally higher ASDs. 
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Figure 4.6:  Contact angles of PDMS in 0.1 M PEG-silane toluol without (a) and with toluene pre-
treatment (b) for 5 months in different media (air, H2O, NaCl, ethanol), (c) Adhesion 
effects of hydrophobic yeast cells on bare and modified (0.1 M PEG-toluene) PDMS  
A toluene pre-treatment suggested a prolonging of the hydrophilicity of PDMS, as it 
preliminarily removes low molecular weight non-crosslinked polymeric chains from 
the PDMS bulk. Pre-treatment is carried out by immersion of the PDMS samples in 
toluene for 1 h and subsequent rinsing in ethanol for 4 h (with one change of solution). 
However, only small improvement of the CAs are noticed due to toluene pre-treatment 
when compared to normal PEG-toluene modification considering the overall long-term 
stability over five months (Figure 4.6(b)). Hereby, the sample stored in air reaches a 
high value of around 80°, whereas the NaCl immersion again shows a negative impact 
on the surface stability. However, regarding air and NaCl storage, both CAs for the 
PDMS with pre-treatment show slightly lower values than those without pre-treatment.  
The anti-adhesive effect of hydrophobic yeast cells (S. cerevisiae) on modified PEG-
silane compared to bare PDMS was evaluated by shear stress analysis in a rectangular 
flow chamber at the Institut für Oberflächentechnik. Figure 4.6(c) depicts the different 
states of the cell adhesion behavior. After cell seeding and an exchange with fresh 
medium (at 0.1 Pa), a decrease in the number of total cells compared to bare PDMS 
can be detected. When increasing the shear stress to 64 Pa, the total amount of seeded 
cells on the bare PDMS only decreases to 98.67 ± 28.77 % when compared to the 
initial value of 100 %, whereas the modified sample shows a total reduction down to 
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2.5 ± 2.5 %. The obtained results demonstrate that the simple PEG-silane modification 
method can be successfully used to decrease cell adhesion phenomena.  
In constrast to toluene, which causes a high swelling in PDMS, ethanol serves as a 
reasonable solvent alternative. In general, it can be noticed, that the resulting CAs in 
the stationary state are 5°-10° higher when ethanol is used instead of toluene as 
solvent. This might be due to the fact that the swelling caused by toluene effectuates a 
higher surface area for possible covalent bondings. The greatest drawback of toluene 
for use as solvent is that it cannot be applied for surface functionalization of already-
bonded 3D-microdevices due to its swelling phenomena. Furthermore, normal bonding 
parameters as used for bare PDMS cannot be applied when bonding PEGylated 
samples. The bonding process parameters have to first be adapted, as longer times and 
greater power of oxygen plasma activation is needed.  
Another possibility to overcome the difficulties of subsequent bonding of modified 
samples is the PEG-ethanol surface modification within the already-bonded 3D-
microdevice after plasma activation. Toluene as solvent cannot be used, as it causes 
destruction to the already-bonded interfaces because of swelling during immersion. 
This hydrophilization procedure, resulting in a CA of 58° ± 8° (after storage in NaCl 
for 1 week) offers a time and cost efficient procedure, because the hydrophilization 
and disinfection steps – with regard to biological applications – can be performed 
simultaneously. However, it has to be considered, that homogeneity of the monolayer 
in a flow-through process is dependent on the design of the microfluidic chamber. 
When comparing the hydrophilization results to those obtained with another 
commercially available hydrophilization kit (Aldrich Prod. No. 701912), smaller CAs 
of 25°-35° are attained. However, by means of the PEG-silanization method, which 
takes only one third of the process time needed for the commercial kit, surface results 
are more homogeneous and transparent. This makes the optimized PEG-silane method 
very applicable for disposable LoCs and was therefore employed in this work. 
4.4 Sol-Gel Glass 
With the use of sol-gel materials, the integration of hybrid nanocomposites in 
microfluidic systems with additional functionalities is possible and therefore extends 
the range of its biological applications [Avn05]. This is especially interesting for 
increasing integration, miniaturization and multiparametric detection, in particular for 
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photonic LOCs [Llo08]. In this work, functional sol-gel structures are developed, such 
as emitters based on quantum dots or dye-loaded filters (Chapter 5.4).  
4.4.1 Characteristics 
Sol-gel materials are organic-inorganic silicate-based glasses that feature 
biocompatible characteristics and are chemically inert [Avn05]. Furthermore, they are 
polar materials due to their base components such as water or alcohol. This property 
makes sol-gels suitable for dissolving polar dyes, such as phenol red or fluorescein. 
Additionally, silica-based sol-gel materials provide a rigid and compact, but porous 
matrix (between 1.5 and 10 nm [Brin90, Lin97]) for easy incorporation of large 
amount of different functional components. Depending on the protocol and the sol-gel 
process, transparent matrixes can be obtained. The sol-gel process can be divided into 
three steps: mixing, jelling and aging. Silicon alkoxides (Si-OR)4 (usually 
tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS)) are mixed with water and 
additional components such as catalysts and solvents, which react with the silicon 
alkoxide in a hydrolysis process. The hydrolysis resulting products (OH-groups) 
interact during the polycondensation step and inorganic 3D crosslinked silicon oxide 
polymers multiply. During this condensation reaction (jelling step), bonds are formed 
between the molecules resulting in a gel. However, condensation continues because of 
movable segments that are still present in the gel network. The third phase begins, 
when the sol-gel starts to dry and to become a solid xerogel. Detailed information 
about the chemistry of the process, theoretical studies and physical properties of sol-
gel technology are reported in [Hen90]. 
4.4.2 Processing 
Several sol-gel formulas have been previously presented, each one designed for a 
concrete application. However the overall reaction process is always identical. Within 
the scope of this work, two different sol-gel recipes are utilized. Fernandez-Sanchez et 
al. tailored a sol-gel glass featuring special optical properties [Fer08]. The initial 
reaction mixture includes TMOS as well as methyltrimethoxysilane (MTMOS) and 
phenylmethoxysilane (PhTMOS) in a ratio of 1:10:1. TMOS contributes to the 
hydrophilicity of the sol-gel material; MTMOS influences the resulting structural 
characteristic and PhTMOS tunes the refractive index of the produced sol-gel. Besides 
the necessary water for the hydrolysis step, ethanol is added for rapid miscibility, and 
HCl as a catalyzer. In this work the sol-gel mixture is used for incorporation of 
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quantum dots and phenol red dyes, which can then be integrated in the LoCs 
(Chapter 5.4). A slightly modified sol-gel procedure is used for the potential 
incorporation of enzymes for application in biosensors (Chapter 7.5), which has been 
already described [Llo08]. A water silane mixture (ratio 30:1) without ethanol or HCl 
is chosen in order to fabricate sol-gel segmented waveguides (SWG). For structuring 
of the functional elements different methods were applied: μTM, MIMIC and 
technology based on open fluidics, which will be described in their respected chapters. 
4.5 Indium Tin Oxide (ITO)  
This subchapter describes the structuring of thin indium tin oxide (ITO) films. The 
deposition process is based on sputtering and was newly introduced in the clean room 
at the Institut für Mikrotechnik, TU Braunschweig, with regard to process optimization 
and characterization.  
4.5.1 Characteristics 
ITO thin films feature conductive properties and high transparency in the visible 
range. Because of its beneficial characteristics, ITO is a widely used material for 
electronic and opto-electronic applications, such as displays or photovoltaic 
instruments. The aim of this project was to analyze and characterize thin film ITO 
microheaters that can be integrated within the MBR. Transparent microheaters provide 
temperature stabilization during cultivation without changing the overall transparency 
of the setup and thus allowing for online monitoring based on optical measurements 
(Chapter 5.4.5).  
4.5.2 Process Optimization and Characterization 
Different deposition technologies have been used to apply ITO films to surfaces, and 
among these the sputtering technique is the most widely investigated [Jak03]. Various 
sputter parameters such as substrate temperature, plasma excitation mode (deposition 
power), sputter time, sputter pressure and oxygen gas flow rate influence the quality of 
ITO thin films [Mer04]. In contrast to the commonly used sputtering conditions at 
elevated temperatures [Lee03b], the sputtering process for this research was optimized 
with regard to specific resistivity and transparency. The existing sputtering machine at 
the Institut für Mikrotechnik was used for all experiments, which exclusively operates 
at room temperature. Due to the complex dependencies of the different sputter 
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parameters on the properties of ITO, the process adaption was iteratively done based 
on preliminarily experimental results and data provided from literature [Vin95, Jak03, 
Yan08]. Due to the fact that more emphasis was placed on the application of ITO 
rather than on the detailed parameter characterization of the material itself, the results 
of the process optimization are just briefly discussed.  
The ITO films were deposited on glass substrates (Boroflat) via magnetron radio 
frequency sputtering (LS440S, Von Ardenne Anlagentechnik, Dresden, Germany) in 
an argon-oxygen atmosphere. The composition of the target was 90 wt% indium oxide 
(In2O3) and 10 wt% tin oxide (SnO2) (FHR Anlagenbau GmbH, Ottendorf-Okrilla, 
Germany). All the ITO samples were photolithographically structured with a custom-
designed test mask. After spin-coating, exposure and development of maP 1215 resist, 
the ITO films were etched in an acidic HCl (37 %)/water solution with a ratio 1:10, 
respectively.  
After the first set of optimizations which focused on transparency and structuring 
characteristics, the following parameters were set constant in accordance with previous 
literature: deposition power of 50 W, oxygen flow rate fraction of 4 %, and a pre-
sputtering time of 30 s [Yan08]. Figure 4.7(a) shows images of the ITO test structures 
with poor characteristics from the first trials compared to improved samples that 
feature high transparency.  
 
Figure 4.7: (a) Images of ITO test samples on glass with poor (left) and improved (right) material 
characteristics (left), (b) Schematics and equation for the determination of the specific 
resistivity according to van der Pauw [VdP58] 
Subsequently, the influence of deposition time (240, 320, 400, 480 s) – that affects the 
layer thickness d – and annealing after sputtering (with air and in vacuum at 500 °C for 
1 h) on the specific resistivity and the transparency was studied. The van der Pauw 
method was used to determine the specific resistivities [VdP58] (Figure 4.7(b)). In 
contrast to the in-line four point method using a structured conductive line with known 
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geometry (also performed), the van der Pauw method is a shape independent 
characterization method. Inhomogeneities in form due to over-etching do not affect the 
resistivity measurements.  
The influence of subsequent annealing on the resistivity of the ITO films is 
demonstrated in Figure 4.8(a). It can be observed that the values before the annealing 
step are generally higher (3-6·10-2 cm) than after tempering in air atmosphere 
(7-9·10-3 cm). Furthermore, specific resistivity decreases to values of 2·10-3 cm 
with vacuum-enhanced annealing. The post-annealing step allows for the elimination 
of excess oxygen molecules in the matrix and hence increases the conductivity of the 
material [Mer04]. Furthermore, it can be observed, that the resistivity values (for 
duplicate measurements) vary before the annealing step. This can be justified with the 
fact, that ITO films sputtered at low temperatures usually feature amorphous 
characteristics which facilitates the etching property of ITO. During annealing ITO 
layers become crystalline. Vink et al. [Vin95] reported on similar results and validated 
with TEM pictures the amorphous and crystalline characteristics of sputtered ITO at 
low and high temperatures – both before and after annealing. A decrease of the 
specific resistivity could be detected for increasing sputter times (240-480 s) and layer 
thicknesses (81-180 nm). This result is in accordance to those obtained by Lee et al. 
[Lee03b]. 
With regard to the transparency, sputtering time plays a crucial role (Figure 4.8(b)). 
Measurements were performed with a microspectrometer (QE65000, Ocean Optics, 
Dunedin, USA). Transmittance decreases with increasing sputter time, which is 
evident due to the thicker ITO layer and the higher degree of surface roughness that 
results in light scattering. Transparency can be improved with an annealing process at 
500 °C [Dut98]. This was performed in air for this work and the resulting 
transmittance values are plotted in the same graph (b). Although transmittance is 
higher than 80 % for red wavelengths with respect to all layer thicknesses before and 
after annealing, transparency is particularly enhanced in the blue wavelength range 
after a post-annealing step.  
As the specific resistivity after tempering is constant for all four layer thicknesses, the 
optimal process parameters should be based on the best transmittance characteristics. 
These characteristics are observed for sputter times of 240 s. These layers feature 
transmittance values higher than 90 % in the range between 450 nm and 700 nm. 
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Figure 4.8:  (a) Specific resistivity for ITO thin films varying in layer thickness after sputtering at 
room temperature, annealing with air and vacuum at 500 °C, (b) Transmittance 
characteristics versus wavelength for different layer thicknesses before and after 
annealing  
When patterned ITOs serve as integrated microheaters within the MBR, attention has 
to be paid to the fact that electrolysis will take place for applied voltages equal to and 
higher than 1.2 V. From preliminarily calcuations it was determined that an isolation 
layer is obligatory in order to avoid damage of the heater. Isolation with nitride 
deposition seems promising, as its bonding properties to PDMS have already been 
validated. Furthermore, the annealing of ITO thin films could be combined with the 
isolation process. This is explained in detail in Chapter 5.4.5.  
4.6 Fluidic and Electronic Interfaces  
Before a fabricated microchip can be used, a reliable micro-to-macro connection has to 
be realized, especially with regard to fluidic interfaces. Several requirements have to 
be fulfilled for proper feeding of a continuous, particle-loaded fluid, such as: 
watertightness (also under pressure), small dead volume, and stability under 
mechanical stress. Differentiation can be made between permanent and reusable 
fluidic connections. A variety of connection mechanisms have already been developed 
and reviewed by Frederickson et al. [Fre04]. However, over the last three years, this 
topic has again gained high research interest, as shown by the recently published 
articles. Within the proposed connection technologies two principle geometrical 
interfaces can be distinguished: inlet aligned with the flow direction (horizontal) or 
inlet aligned at a 90° angle to the flow direction (vertical) (Figure 4.9).  
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Figure 4.9: Schematics and photos of fluidic connection: Pass-fitting of needles in vertical (a) and 
horizontal (b) direction  
The latter includes connections via O-rings [Per08], seal rings [Kor07], mini Luer-lock 
adapters [Yue08] or magnet connectors, [Ate10] which represent reusable lockings. 
One vertical interface is achieved through the gluing of needles with epoxy [Che03]; 
this method is adapted by exchanging the epoxy with silicone glue (RS Components, 
Mörfelden-Walldorf, Germany) in order to provide biocompatibility for biological 
applications. One significant drawback of vertical fluidic connections is the resulting 
dead volume in the 90° bend which causes preferential particle settling with the use of 
suspensions. Furthermore, a nonnegligible disturbance of the flow profile is caused. 
Horizontal connection methods are based on press passings [Qua08, Sab09] or 
integrated septum made of PDMS [Lo08]. Within this work, horizontal connections 
and gluing of metallic needles that are pass-fitted in a structured channel are mainly 
applied. They represent a fast, reliable connection technology and are especially usable 
for prototype disposables. Commercially available hollow needles (BRAUN Sterican, 
Melsungen, Germany) are used which can be directly connected to Luer-lock adapters 
(Neolab, Heidelberg, Germany) featuring the required tubing. This method is 
optimized with regard to a reduction of space and dead volume particularly in the 
connection of modular LoCs (Chapter 8.1).  
Apart from fluidic interfaces, electrical connections play an important role when 
conjoining sensor or actuator elements with a peripherical apparatus. Three different 
methods are applied in this work, each of them featuring advantages and 
disadvantages. Soldering metallic gold or copper pads can be performed with 200 μm 
copper wires. Since the soldering temperature has to be set to around 230 °C the 
microdevice must be able to withstand this working temperature. Furthermore, a 
minimum thickness of contact pads has to be ensured for easy handling. If only small 
electrical interfaces are available wire bonding on metallic pads can be performed. For 
this procedure a special wire bonding machine is needed that is based on ultrasonic 
friction welding using gold wires of only 30 μm in diameter. For more technically 
mature systems, the use of spring contact probes in a connector (made of 
polycarbonate) is a preferable method due to its reusability and easy handling.  
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4.7 Biological Systems 
Within this work, different kind of biological systems were applied. Among them are 
two types of fungi (spores of Aspergillus ochraceus and cells of Saccharomyces 
cerevisiae) and human endothelial cells, which were provided by the Institut für 
Bioverfahrenstechnik (TU Braunschweig, Germany) and the Pharmaceutical Analysis 
Group (University of Groningen, The Netherlands), respectively. All organisms with 
different characteristics and cultivation conditions are described in the following. 
4.7.1 Aspergillus ochraceus 
Filamentous fungi of the Aspergillus species represent one of the most important host 
organisms for the industrial production of various organic acids, enzymes and 
antibiotics. Furthermore, they are known for their capability of biotransformation 
when being used as a catalyst for the production of active pharmaceutical ingredients 
[Arc00, Lub09]. Therefore, spores are applied as starting cultures (inocula) in a 
submerged cultivation processes. Concerning all the applications, reliable and 
reproducible inoculation conditions and quality of fungi spores are of high importance 
in industry. Germination capacity and hyphal growth are reliable quality indicators of 
interspecies’ variability and may be therefore used for optimization of industrial 
processes within suitable microfluidic screening instruments. Given its importance as a 
developmental stage during the life cycle of fungi, spore germination has received 
extensive interest, not only for physiologists and seed technologists, but also for 
ecologists [Ran06]. The spores in the model used here belong to the strain Aspergillus 
ochraceus Wilhelm No. 63304 and were obtained from the German Collection of 
Microorganisms and Cell Cultures (DSMZ GmbH, Braunschweig, Germany). The 
third generation spore suspension was used for the germination studies. The 
preparation of this spore suspension was performed as follows. Spores were grown on 
malt extract medium (30 g/L malt extract (Becton, Dickinson and Company, Le Pont 
de Claix, France) and 3 g/L soya-peptone with 15 g/L agar (both from Fluka, 
Steinheim, Germany)) at 24 °C. Conidia were harvested after 8 days by flooding the 
agar surface with 25 mL sterile 0.9 % NaCl (Carl Roth, Karlsruhe, Germany) solution. 
The spore suspension was then filtered (miracloth filter, pore size 25 μm, Calbiochem, 
La Jolla, CA, USA) and diluted with malt extract liquid medium to the desired OD for 
cultivation in the microbiodevices.  
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4.7.2 Saccharomyces cerevisiae 
Saccharomyces cerevisiae is a well characterized eucaryotic model organism 
belonging to the fungal kingdom. The industrially important yeast is used for 
production of bread, beer and wine but also for invertases such as insulin and other 
proteins. Due to its rather simple manipulation and cultivation behavior, S. cerevisiae 
is broadly used as a model organism in eukaryotic microbiology [Mun01]. Within this 
work, S. cerevisiae DSM 2155 was purchased from DSMZ GmbH (Braunschweig, 
Germany). This strain was chosen due to its high cell surface hydrophobicity [Pal95] 
in order to analyze potential interactions of cells within the microdevices. It represents 
a challenge with regard to the development of anti-adhesive surface modification 
methods within MBRs. Cell adhesive behavior is associated with flocculent 
glycoproteins on the cell surface. Under environmental stress these proteins are 
upregulated resulting in the typical pseudohyphal growth and affinity to phase 
interfaces. Cells of S. cerevisiae generally feature a shape which is between that of a 
circle and an oval with a diameter ranging from 5 to 10 μm. Morphological changes 
are dependent e.g. on the exposed shear stress during cultivation or on the nutrient 
supply. Regarding the latter aspect, cells will elongate due to a lack of substrate in an 
effort to ameliorate nutrient assimilation via an increased surface area for a constant 
cell volume [Hil88]. Cells were cultivated in a modified VERDUYN mineral medium 
with 20 g/L glucose as presented in [Edl10]. For all inoculum cultures carried out in 
this work, cells (inoculated from agar plates) were grown in shake flasks (20 mL) at 
120 min-1, pH of 4.5, at 30 °C for 10 h. 
4.7.3 Primary Human Endothelial Cells  
Vascular endothelial cells form the layer that lines all blood vessels in the body. In 
cancer and chronic inflammatory diseases, these cells control angiogenesis (formation 
of new blood vessels) and leukocyte recruitment, making them therefore a target for 
thearpeutic intervention [Kul05]. For drug development research, the identification of 
molecular pathways that control these processes is a paramount aim which eventually 
will allow selective pharmacological interference. Primary human endothelial cells 
directly isolated from umbilical cells were used in this work. Efforts in recent years at 
the Pharmaceutical Analysis Group in Groningen have focused on the microfluidic 
culture and analysis of these cells, with special attention given to the development of 
systems for high-throughput drug screening. In order to mimic the human 
microenvironment an extracellular matrix has to be created within the LoC to promote 
https://doi.org/10.24355/dbbs.084-201901241153-0
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strong attachment of cells. This is done with 1 % gelatin-coating which is subsequently 
crosslinked with 0.5 % glutaraldehyde. Cells adhere to this coating and tend towards a 
100 % confluent monolayer covering the entire available surface (according to a 
cobblestone characteristic). The used culture medium consists primarily of standard 
RPMI 1640 medium (amino acids, vitamins, buffer) supplemented with 20 % heat-
inactivated fetal calf serum, 2 mM L-glutamine, 5 U/mL heparin, 100 IU/mL 
penicillin, 100 	g/mL streptomycin, and 50 	g/mL endothelial cell growth factor 
supplement extracted from bovine brain. Preferred culture conditions for the cells are 
37 °C (for human, warm-blooded cell lines) and 5 % CO2. RPMI medium contains the 
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5 Microbioreactor Designs 
The following subchapters present several unique MBRs that have been developed 
with special attention given to their individual design, procedural characteristics, 
characterization for implementation of online analytics and their final biological 
applications. Following a short overview of the state of the art in existing MBRs, five 
different horizontal MBRs (hMBR) and two vertical MBRs (vMBR) are described in 
detail. The chapter concludes with the development and characterization of different 
functional elements such as emitters, optical filters, or integrated ITO heating 
structures that could be integrated within the MBRs for increased complexity. 
5.1 State of the Art in MBRs  
This subchapter serves as a general review of state-of-the-art miniaturized bioreactor 
platforms for screening of both microorganisms (concerning bioprocess optimization) 
and cell lines (with respect to high-throughput drug research). Emphasis is placed on 
design, material setup, and integrated online analytics, although the latter is only 
briefly addressed. Integrated online analytics is a key enabler for enhanced monitoring 
and control of culture parameters. As it can include low-cost sensor technology based 
on non-invasive principles, it is optimal for disposable screening elements [Rao08]. 
Literature which specifically relates to the MBRs and online analytics developed in 
this work, are also presented in the subsequent chapters. In general, the previously 
mentioned miniature bioreactors can be classified into three groups [Lee06a]. The first 
group is comprised of modified well plates and miniaturized shaking flasks. Within the 
second group commonly used stir tank reactors or bubble columns are miniaturized. 
The third group represents systems based on microsystem technologies and 
microfluidics, the so called MBR. The final group can further be categorized by the 
type of application: microbiological or cell cultivation and single cell analysis. 
However, single cell analysis is out of the scope of the presented thesis and will not be 




of-the-art with regard to the first two classifications. Towards the end, two 
commercially available screening platforms will be considered. 
5.1.1 Enhanced Microtiter Plates 
The majority of microscale bioprocess studies focus on microwell systems explained 
by Micheletti and Lye. Their work is a detailed overview of previous performed 
studies [Mic06]. Usually microwell plates are shaken in order to promote liquid 
mixing with respect to a critical shaking speed. By changing the normally round 
shaped microtiters to a baffled design, Funke et al. achieved an increased oxygen 
transfer rate [Fun09], remedying one of the drawbacks of the 96-standard round well 
plates. Additionally, improved online monitoring by means of fiber-optical 
measurements through the well bottom is realized. Increased oxygen transfer could 
also be obtained by electrochemically generated oxygen (electrolysis of water) 
produced via integrated metal electrodes on a circuit board that are connected to the 
well plate [Mah04b]. Well plates have the main disadvantage that the control of 
process conditions is limited and process data is usually only obtained at the end of an 
experiment [Zha06]. In addition, the cultivation mode is limited to batch and fed-batch 
cultivation.  
5.1.2 Miniaturization of Stir Tank Reactors and Bubble Columns 
The idea of miniaturization of existing macroscale reactor principles (e.g. stir tank 
reactor or bubble column) instead of using microtiter plates goes along with the fact 
that conditions in a miniaturized system will be closer to those of the upscaled reactor. 
Furthermore, the integration of online analytics can be more easily addressed than in 
microtiter plates. The first miniature stir tank reactor was presented by Kostov et al. 
[Kos01]. Kostov modified a 2 mL cuvette by implementing optical sensors based on 
light emitting diodes (LED) and photodetectors for the detection of OD and DO. 
Besides an integrated miniaturized stirrer for active mixing, a small polymer gas 
distributor was integrated for guaranteed sufficient aeration. Other examples include a 
temperature controlled 4.5 mL glass column (volume of 4.5 mL) with alternating 
constrictions that guarantee mixing of S. cerevisiae via oscillating pump strokes 
[Rei06] and 24 glass vials which are mechanically agitated with online monitoring of 
pH, OD and DO [Har06]. Rahman et al. reported on a 24 station HTP bioreactor based 
on a polytetrafluorethylene tube with a working volume of 1.5 mL which was applied 




aeruginosa [Rah09]. The biomass growth characteristic was comparable to that on a 
laboratory scale. Weuster-Botz et al. [W-B08] developed a miniaturized bioreactor 
platform with 48 miniaturized bioreactors that allow both batch and fed-batch 
fermentations. Homogeneous dispersion is realized by a gas-induced stirrer that 
facilitates sufficient oxygen transfer. Obtained results of E.coli from the miniaturized 
reactor favorably correlate to the conventional processes. Hortsch and Weuster-Botz 
[Hor10] recently reviewed developments in the field of miniaturized stirred tank 
bioreactors for applications in HTP bioprocess development. With regard to 
miniaturized bubble columns Doig et al. [Doi05] fabricated a 2 mL glass bubble 
column in which bubble formation (diameter between 1 and 3 mm) is achieved via a 
porous polyethylene foil (with 20 μm pores) embedded in the bottom of the reaction 
chamber. Results of OD in batch cultivation are comparable to the performance in 
conventional stir tank cultivation. Another vertical minibioreactor was developed by 
Diao et al. [Dia08] for protein production via cultivation of animal cell lines. 
Submerged conditions can be obtained with a setup consisting of two communicating 
columns. Passive oxygenation takes place through a 50 μm thick polymethylpentene 
membrane on both sides of the system. Mixing is achieved by periodical pumping of 
the culture medium (volume of 1.5 - 2.5 mL) via an air valve. In summary, the 
common reactor volume in miniaturized stir tank reactors and bubble columns lies in 
the milliliter range.  
5.1.3 Microbioreactors Based on Microtechnologies  
With regard to MBRs based on microtechnologies, two main applications can be 
distinguished. The first is the development of microbioreactors for HTP applications in 
microbiological cultivations. The main focus lies on the feasibility of the integration of 
online analytics and the measurement of reaction kinetic parameters. MBRs are 
presented that allow fermentations of microorganisms growing in suspension, as most 
industrial fermentations are based on this type of process. For applications involving 
mammalian/human cell cultivations, MBRs have been developed for comprehension 
of the interrelationship of intra and inter cellular processes and mechanisms. The 
challenge is to mimic environmental conditions in vivo within microfluidic elements in 
vitro. This gives rise to new possibilities in the development of biological and 
pharmaceutical products. Furthermore, it offers future potential in the field of 
individual therapy, where the effect of active pharmaceutical ingredients on the cells 
and on the formation of cellular tissue can be determined. Up to this point, several 




Microbiological Cultivation  
Schäpper [Sch09] recently reviewed the current MBR platforms used in fermentation 
process development. Active mixing for isotropic conditions was achieved with the 
use of commercially available miniature stir bars [Szi05, Boc06, Zha07, Sch10]. The 
basic materials include polymethylmethacrylate (PMMA) and PDMS. Online 
measurements within the externally heated reactor chambers are sensitive to 
monitoring parameters like DO, pH (both via integrated sensor spots) and OD. The 
latter was measured with the use of LEDs and photodetectors located at the vertical 
axis of the reactor chamber. The reactor with a volume of 150 μL was successfully 
applied for the cultivation of E. coli and S. cerevisiae. Lee et al. [Lee06a] developed a 
system of 4 parallel reactors (100 μL) based on peristaltic devices. Mixing was 
realized via microtechnologically integrated peristaltic chambers made of PDMS that 
are continuously and alternatively activated by integrated injection valves. The process 
control is completed by online analytics for DO, pH and OD. To control the pH in 
each reactor chamber, the LoC features integrated reservoirs for the containment of 
acids and bases. Results of fermentation of E. coli in the microchips were similar to 
2 L stir tank reactors. A diffusion based MBR (5 to 50 μL) was fabricated by Zanzotto 
et al. [Zan04] where cultivation of E. coli was performed in circular PDMS chambers 
that were supplied with oxygen through the PDMS membrane allowing stable 
chemostat operation. The principle of fluid perfusion was used by Groisman et al. 
[Gro05] for culturing S. cerevisiae and E. coli. Three hundred and forty parallel 
chambers with volumes between 0.05 to 0.1 nL were connected via capillaries with a 
centered perfusion channel. However, the proposed system cannot be described as a 
chemostat because of active cell retention in the microreactor. Both morphology as 
well as cell density and the resulting specific growth rate were analyzed with time 
dependent microscopic pictures. All systems have in common that they lack the 
possibility of monitoring concentrations of substrates and metabolites. 
Cell Culture 
The majority of the microdevices that are currently available for cell culture research 
are based on perfusion. The advantage of perfusion based devices in contrast to static 
cell culture systems (microwell plate) is that they can continuously provide nutrient 
supply and waste removal which allows a more stable culture environment. In general, 
morphological dependencies in different reactor geometries were examined to screen 




Various groups developed cell culture chambers that allow cultivation with minimal 
shear sensitivities in an effort to mimic perfusion in blood stream and tissue 
configuration. These systems either retain the cells specifically by means of integrated 
microbarriers [Pro04, Toh09] or by diffusion rings that are based on two lithographic 
step processes [Lee06b]. The latter design – used for the cultivation of mammalian 
tumor cells - consists of 64 parallelized culture chambers (3 nL each) with an outer 
convective nutrition ring and an inner reaction compartment. Diffusion-controlled 
nutrient supply is attained by a 2 μm gap of the ring. Apart from the particular 
situation where cell adhesion directly to the surfaces of the microfluidic system is 
desired, research trends tend towards 3D microenvironments to mimic more precisely 
the in vivo conditions. Wu et al. [Wu08] for example reported on a 3D perfusion-based 
cell culture platform in which cancer cells are incorporated in a 3D agarose matrix. 
The applications illustrated here which describe micro cell culture devices present only 
a selection. The fact that microfluidic cell culture systems are of high interest in drug 
research is clear from the recently published reviews [Mey08, Upa09, Wu10]. In these 
articles, cells tend to adherent growth on surfaces (2D) as well as in cell associations 
(3D). It is interesting to notice, that online elements within these types of cell culture 
microenvironments have been implemented seldom. In most of the cases morphology 
and growth rates are quantified via microscopic determination. 
5.1.4 Commercially Available Platforms for Biological Screening 
As mentioned before, in the last years the well-established usage of conventional 
microtiter plates has changed directions due to the introduction of microscale 
bioreactors as suitable tools for a wide range of interesting biochemical engineering 
applications. However, only a couple of MBRs are currently commercially available. 
A yeast cell chamber, offered by Warner Instruments (Harvard Apparatus, Hamden, 
CT, USA), is based on a chamber (volume of 2.4 μL) that is integrated in a special 
adapter in order to monitor yeast cell growth using time-lapse microscopy [War10]. 
Change of media is guaranteed within seconds without washing out of cells. 
Futhermore, temperature can be monitored and controlled by externally implemented 
PELTIER elements and resistive heaters, respectively. However, the system does not 
offer any further possibilities of online monitoring. A more complex system has been 
presented by Seahorse Bioscience Inc. (MA, USA): the so called SimCell™ [Sea10]. 
These MBR platforms are microplate-sized disposable plastic cards containing six 
700 μL cell culture chambers. Oxygen and carbon dioxide easily diffuse through the 




(bubble movement by rotation of the chip) is approximately equal to the stirring shear 
force and frequency of a larger reactor. The SimCell™ 200 automated cell culture 
manager is capable of agitating, feeding and balancing pH up to 200 MBR cards (1200 
chambers) for six weeks or more, with unattended operation for up to one week. The 
main drawback of this system is the lack of on-chip analytics for substrate 
concentration, which requires an elaborate offline procedure. 
5.2 Horizontally Positioned Microbioreactors (hMBR) 
In the following sections, five different horizontally positioned MBRs are described. 
Four of them comprise integrated, passive structures and functional elements for 
various online analytics. The last one contains a microtechnologically-implemented 
microstirrer for active mixing of the culture medium. The cultivation of spores 
(A. ochraceus), yeast cells (S. cerevisiae), or human endothelial cells within these 
microdevices is beneficial for diverse biological applications. 
5.2.1 MBR with Integrated Readout Grid (hMBR-G) 
The challenge of using downscaled instruments to predict morphological behavior in 
upscale reactors is to keep process conditions as similar as possible. Some of the 
requirements for morphology screening of micro cell cultures would be the following: 
(i) cultivation under submerged conditions, (ii) sufficient oxygen supply during 
cultivation, (iii) non-invasive imaging, (iv) transparent material for microscopic 
observation, (v) low-cost for disposable applications, and (vi) easy and rapid handling. 
A step towards integration has already been made with the ultra-wide field cell 
monitoring array platform without lenses based on shadow imaging [Ozc08]. This 
configuration has been proved to make phenotype characterization of both cells and 
particles. However, there is still a lack of applicable methods for non-invasive 
characterization of cell morphologies. The developed MBR with integrated readout 
grid (hMBR-G) addresses the requirements of a screening microdevice. It 
demonstrates successful performance with regard to the characterization of spore 
germination (morphology and cell count) using A. ochraceus as a model organism. 
Design  
The developed microdevice (21 x 39 mm²) consists of five identical, parallel reactor 




5.1 top). The peculiarity of each chamber is its engraved grid structure that is realized 
through a two-lithographic step process. Each of the five reactor chambers (total 
height of 230 μm) features five grid arrays which are uniformly distributed over the 
reactor chamber and labeled consecutively with Roman numerals I to V (Figure 5.1 
bottom left).  
 
Figure 5.1: Schematics and images of the hMBR-G consisting of five parallel reactor chambers 
(9 μL) (top); a single reactor chamber with five implemented grid arrays (bottom left); 
one grid array with equally distributed grid columns and grid rows (bottom right) 
The grid matrix consists of grid rows and columns, labeled from A to I and 1 to 9, 
respectively (Figure 5.1 bottom right). The sides of each square features a length of 
100 μm. This allows for easy focusing and subsequent microscopic imaging for cell 
counting/morphology studies. Measurements can be recorded over the entire 
cultivation period with constant parameters, namely position and focusing on the z-
axis. The microdevice allows for single and multiparametric screening. The disposable 
microchip is composed of patterned PDMS assembled on a glass bottom.  
Procedural Characteristics 
The negative master is fabricated via a double lithographic process (appendix A). In 
the first step, the negative master is patterned with the reactor chamber (230 μm in 




(made of SU-8 5) on top of the reactor chamber. Spin coating of the resist at 3000 rpm 
results in layer heights between 1 and 10 μm. Through dilution of the SU-8 5 resist 
with GBL at a 1:1 ratio, even smaller grid heights (1 to 5 μm) can be achieved. The 
high variance of height is inevitable and results from the inefficient planar structure of 
the reactor chamber layer. 
Integrated Online Analytics 
The hMBR-G does not feature additional functional elements for analysis except for 
the passive grid structures. 
Application 1: Germination Screening of A. ochraceus 
Although the influence of process conditions on the morphology and productivity of 
filamentous fungi during cultivation is understood quite well, the influence of spore 
quality in seeding cultures has not been investigated in depth. The spore viability in 
seeding cultures is an important criterion for product quantity and necessary for a 
holistic interpretation of cultivation data. Over the last decades, evaluation of 
germination has been carried out in moisted dishes [Abd85], flasks [Pau93], microwell 
plates [Oh95] and on agar plates [Por06]. These tools have been proven successful, 
however they still are not optimal concerning parallel screening, the cost factor with 
regard to required equipment (such as inverted microscope with automatic stage for 
studies in microwell plates), and cultivation conditions (not allowing for continuous 
mode). The hMBR-G, however, represents a promising screening instrument on the 
microscale. It serves as an alternative to conventional laboratory methods for 
continuous parameter studies and even overcomes some of the drawbacks of the 
conventional devices. In order to prove its feasibility as an alternative screening tool 
on the microscale, the cultivation protocol has to be compared to germination results 
obtained with conventional technologies.  
For this comparison, germination of A. ochraceus – as a model organism – is observed 
within the hMBR-G during submerged cultivation with respect to two different 
process parameters (pH and temperature). Measurements were performed in close 
collaboration with the Institut für Bioverfahrenstechnik at the TU Braunschweig.  
For germination studies 5 mL of malt extract liquid medium were inoculated with the 
spore suspension (preparation explained in Chapter 4.7.1) at an initial spore 




chamber was filled with 100 μL of the inoculated suspension. In doing so, identical 
cultivation conditions (e.g. same stock solution) are guaranteed within the five parallel 
microchambers. The open ends of the needles are connected to Luer-lock adapters 
(Novodirect GmbH, Kehl, Germany). The hMBR-G was then positioned under the 
optical microscope (Axioskop, Zeiss, Germany) which is surrounded by a temperature-
controlled incubation chamber. During germination, images were taken at different 
locations over defined time intervals with the integrated microscope camera (Axiocam 
MRc, Zeiss, Germany) and a 20x zoom lens.  
Figure 5.2 illustrates a typical germination characteristic of A. ochraceus in the 
hMBR-G, exemplified for conditions of pH 5.5 at a temperature of 24 °C. For 
evaluation of all screening results, the percent germination - being defined as the ratio 
of germinated spores divided by the total number of spores - is plotted over a defined 
incubation time.  
 
Figure 5.2: Typical kinetics of germination of A. ochraceus during 20 h of incubation at 24 °C in 
malt extract medium (pH 5.5); percent germination is plotted versus cultivation time 
Three basic structural modifications during germination process can be 
microscopically observed: the swelling of conidia, the emergence of germ tubes, and 
the elongation of hyphae. During the first few hours (activation period) spores adapt to 
the conditions in the MBR [D’En97]. Due to water intake and the growth of spore’s 
walls a first morphological change is observed between 0 and 9 hours, which is also 
referred to as swelling. After 11 hours the volume of each spore has increased 
approximately four times in comparison to the initial volume of dormant conidia and 
some of the spores begin to form first germ tubes (polarized growth). After 15 hours 




when the tube length is as long as the width of the germ tube [Gri94]. At this time, 
germ tubes continue to elongate resulting in branching mycelium. This first result 
validates the cultivation protocol within the hMBR-G. Its potential as a screening 
instrument for germination of fungi still has to be proven. In an effort to achieve this, 
germination characteristics were observed for two different cultivation parameters (pH 
and temperature) and compared to growth behavior obtained from conventional 
laboratory scales (in flasks and onto agar plates, respectively).  
For pH screening, each of the chambers on one microchip was filled with same 
inoculum and a different medium that varied in pH value (3.5, 5.5, 7.5). The 
percentage of germination was determined after 5.5, 9, 11 and 15 hours and evaluated 
visually by counting approximately 140 ± 10 conidia in each microchamber. For the 
pH screening in flasks, three different 25 mL flasks (varying in pH) were inoculated 
with the same spore stock solution and cultivated for 46 h. The main difference in the 
analysis between the flask and the microdevice is the analysis parameter, which is the 
cell dry weight (CDW) and the percent germination, respectively. CDW is the only 
reliable analysis method available for shake flask cultivation of fungi. It cannot be 
applied in the early stage of germination (6-10 h), because changes in weight are not 
detectable at that time. However, as faster germination rates in the early stage (6-
10 hours) will lead to higher biomass concentrations in the later stage, both analysis 
parameters are comparable to each other. Figure 5.3 traces the germination curves for 
the different pH values obtained in the microdevice and in the flask. 
 
Figure 5.3: Effect of screening at different pH values (pH 3.5, 5.5, and 7.5) on the germination 
capability of A. ochraceus for the cultivation in hMBR-G (a) and in shake flasks (b) 
A pH of 5.5 shows the highest germination rate in the hMBR-G and highest CDW in 




systems to microsystems. The disadvantage of the flask is its elaborate analysis 
procedure (filtering, washing, drying, cooling, weighing) for determination of the 
CDW which can be avoided when using the hMBR-G. 
With regard to temperature screening, distinct germination patterns were observed at 
various temperatures (24, 26, 28, 30, 32 and 37 °C). The optimal temperature range for 
rapid germination under submerged conditions was found to be between 26 °C and 
30 °C in the hMBR-G. Roberts et al. also reported on an optimal temperature between 
24 °C and 30 °C for A. ochraceus when growing the spores on a solid surface under 
atmospheric conditions for temperatures between 8 °C and 37 °C [Rob96]. This 
implies again that the hMBR-G is comparable to conventional plate count technology, 
but less time-consuming, as germination studies on solid agar plates require up to three 
or four days.  
Conclusion and Perspectives 
In conclusion, the hMBR-G can be used as an inexpensive and less time-consuming 
screening instrument (one day of screening instead of three to four days in shake flasks 
or on agar plates) for morphological studies, with the same performance characteristics 
as those obtained with laboratory scale systems, but with a dramatic reduction of 
medium consumption. With wellplate cultivation, an automatic stage is required for 
parallel examination. Another advantage of the microchip is its continuous cultivation 
potential. This is currently being investigated in cooperation with the Departamento de 
Fisiología Médica y Biofísica, University of Sevilla, Spain. Smooth muscle cells are 
adhesively cultivated in the hMBR-G and morphological changes are analyzed 
concerning different toxic compounds, that are continuously fed to the microchambers.  
5.2.2 MBR with Integrated Passive Elements (hMBR-PE)  
The fluid profile in MBRs can be controlled through integrated passive structures. A 
homogeneous distribution at the inlet of the reactor can be achieved with passive 
elements (PE). Alternatively, implemented structures within the reactor chamber can 
induce passive mixing. Furthermore, integrated barriers can be applied for local cell 
retention (e.g. for use in sensitive cell cultures). The general design particularly with 
regard to suitable inlet structures (optimization is based on fluidic simulation) is 
presented in the following sections. Apart from simulation, flow and concentration 




special online analytics are integrated and their feasibiltiy is proven. The hMBR-PE is 
additionally modified to allow for online monitoring of DO. 
Design and Simulation 
Homogeneity of metabolite and substrate concentration in the MBR is essential. This 
can be achieved with an optimized inlet structure. Therefore, differently designed inlet 
structures were simulated with the software CFD-RCTM (ESI-Group Inc., version 
2007) to obtain isotropic conditions. Inlet structures should require as little space as 
possible while guaranteeing homogeneous distribution over the reactor width. An 
unstructured grid with a triangular mesh was used for generating the mesh elements 
(10000 mesh points). Boundary conditions were set to an inlet water flow rate of 1 
mL/h with ambient pressure at the inlet and outlet channel. Compared to the single 
inlet channel structure, shown in Figure 5.4(a), the proposed designs in (b) 
demonstrate an improvement of the homogeneous distribution over the reactor width.  
 
Figure 5.4: Results of the fluidic simulation: (a) first generation hMBR-PE with one channel inlet, 
(b) optimized inlet structures: (1) round branching, (2) bifurcation, (3) leaflet, (4) 45° 
modified leaflet 
Design (1) features the smallest area of all four designs, but also the highest variance 
in flow velocities over the reactor width (velocities in the center are twice as high as 
those at the edges). The same result can be obtained for the leaflet structure (3) which 
mimicks leaf veins in nature. A modified leaflet structure with a 45° bend yields 
promising results for homogeneous medium distribution combined with a decrease in 
volume for the inlet design when compared to design (2), which is based on 
bifurcation structures. Both designs (2 and 4) are therefore favored for the subsequent 




The reactor chamber itself can also be modified by implementing passive structures 
according to different criteria: (i) avoiding channel formation, dead zones and 
hydraulic short-circuiting; (ii) increasing retention time within the hMBR-PE through 
geometrical structures; (iii) serving as passive mixing elements that can distribute the 
medium homogeneously within the reactor chamber, or (iv) locally retaining cells. 
Within this work several diverse passive element (PE) designs were developed and 
fabricated. In the following, only two different hMBR-PE are presented for which two 
different online analytic parameters are developed and characterized: electrodes for 
retention time measurements and integrated sensor spots for monitoring of DO. 
Integrated Online Analytics, Procedural Characteristics and Characterization 
Measurement of Retention Time (Flow Characteristic)  
Retention time contains information about mean flow and mean mixing characteristics 
and consequently the prognosis of nutrient supply for cells in the reaction volume. The 
theoretical hydraulic retention time  is the ratio of the reactor volume divided by the 
fluid volume flow. It can also be expressed as the reciprocal of the dilution rate D 
[Sch01]. Two possibilities exist to measure the average retention time within the 
MBR: optically with the help of a dye tracer or the change in resistance through 
integrated electrodes. Non-intrusive measurement via optical sensors was reported by 
Lohse et al. [Loh08].  
Figure 5.5(a) depicts one of the hMBR-PE with integrated structures for local cell 
retention. The structures feature grid gaps of 20 μm. The total chamber height is 
360 μm which is patterned from a single lithographic master (see appendix A). Gold 
electrodes (50 μm wide) were structured according to the process plan explained in 
Chapter 4.2.2 at the inlet and outlet of the reactor. After the bonding of PDMS and 
glass, wire bonds were created for electrical connection. The measurement procedure 
for retention time analysis is based on the variation in resistance between two 
electrodes (response principle) when flushing the water filled reactor with a 1 % 
potassium bromide solution at operation conditions of 1 mL/h. Data readout is realized 
with a self-written LabView program. In Figure 5.5(b) the exemplary results of the 
resistance measurements are presented. The average  is defined by the distance 
between the resistance decays at the inlet and outlet. The use of integrated electrodes 
for retention time measurements was proven to be feasible. This is useful for 
comparison of different designs or varying flow conditions within one design. 




the obtained data in order to evaluate if flow characteristics within an MBR conform 
better to ideal plug flow reactors or ideal stir tank reactors [Edl10]. 
 
Figure 5.5:  (a) hMBR-PE with integrated PDMS structures for local cell retention and integrated 
electrodes, (b) Resistance versus time for retention time measurements 
Measurement of Dissolved Oxygen (DO) 
Dissolved oxygen (DO) concentration is one of the most important limiting factors in 
determining growth rate of biological processes. In the exponential growth phase of 
high cell density cultures, oxygen is consumed immediately, causing DO concentration 
to remain at zero despite high oxygen supply. Accordingly, oxygen transport to the 
culture medium is fundamental. Bubble-free oxygen supply can be realized with 
transport through a gas permeable PDMS membrane. Oxygen transfer occurs 
diffusively through resistances of both the membrane and the liquid medium. Zhang et 
al. [Zha06] proposed the calculation of the oxygen transfer rate via a serial connection 
of the two diffusion resistances whereby air is considered negligible. For the 
instationary degassing method with nitrogen, the overall volumetric oxygen transfer 

















  (Eq 5.1) 
where kLa is the volumetric oxygen transfer coefficient based on the reciprocal liquid 
phase resistance of oxygen diffusion, a is the specific PDMS surface area per volume 
of the reaction chamber, c* represents the saturated oxygen concentration in the liquid 




concentration in the liquid at time t. After integration, kLa can be determined. The 
limiting factor is the diffusion through the PDMS and the culture medium as a result of 
decayed oxygen solubility. With a decrease in thickness of the PDMS membrane, 
diffusion resistance through the PDMS is also reduced.  
In the scope of this research, DO in the growth medium was measured non-invasively 
with a sensor spot (PreSens, Regensburg, Germany) consisting of an oxygen sensitive 
dye. The spot was inserted in the etched cavity and fixed with silicone glue before 
bonding to the structured PDMS. The fabrication procedure provides for a planar 
reactor bottom (Chapter 4.2.2). Readout of the oxygen-specific fluorescence is 
achieved through a non-invasive excitation (photodiode) and detection (photodetector) 
setup, which uses optical fiber at the exterior of the MBR. Light from a blue LED 
(450 nm) excites the oxygen sensitive dye, which emits fluorescence at longer 
wavelength (610 nm). When DO is present in the medium, the energy absorbed by the 
dye is transferred in a non-radiative way, decreasing or quenching the fluorescence 
signal. The degree of quenching correlates to the partial pressure of oxygen in the 
matrix, which is in dynamic equilibrium with oxygen in the bulk phase. To test the 
performance of oxygen supply to the MBR, gas permeable PDMS membranes of 
different thicknesses dmem (between 100 and 700 μm) were fabricated with the double-
sided molding apparatus (Chapter 4.3.2.4). After nitrogen degassing of the MBR, 
oxygen feeding was started and the time corresponding to oxygen enrichment within 
the system was measured. In Figure 5.6(a), increasing DO concentrations are shown in 
at different membrane thicknesses. 
 
Figure 5.6: (a) Oxygen enrichment for different membrane thicknesses dmem, (b) Average 
volumetric oxygen mass transfer coefficient calculated using Eq 5.1 in correlation to 




The kLa values are determined with the initial gradients and plotted against the 
membrane thicknesses dmem in Figure 5.6(b). Optimal oxygen supply is attained 
through the thinnest membrane of 100 μm. In order to fulfill the mechanical system 
stability criterion, membrane thickness must be 300 μm thick for prospective MBRs. 
This microreactor with a membrane thickness of 300 μm has a measured kLa of 
0.002 s-1, which is of the same order of magnitude as the previously presented 
macroscale setups [Edl10]. 
Application 1: Cultivation of S. cerevisiae 
Continuous cultivation of S. cerevisiae could be successfully carried out in the hMBR-
PE. The PhD work of Edlich mainly focused on this approach, and hence interested 
readers should refer to her work [Edl10b].  
5.2.3 MBR with Multiple Internal Reflection (hMBR-MIR) 
Photonic LoC systems make use of light as an interrogation mechanism. These 
configurations have several advantages compared to electrical detection, e.g.: (i) 
Working principle can be based on various light properties (intensity, wavelength, 
phase etc.); (ii) Light properties remain unaffected under electromagnetic 
interferences; (iii) Short circuits cannot be generated. Taking advantage of the 
transparency of PDMS, it has been shown that monolithical mergence of microfluidics 
and photonics to robust and highly integrated systems is auspicious and possible. 
Examples include liquid-liquid waveguides [Lim08] and liquid-air waveguides 
[Wol04]. Llobera et al. [Llob4] presented the fabrication and characterization of 
hollow prisms used for absorbance-based sensing. The properties of this photonic LoC 
system were improved through the implementation of air mirrors. The air mirrors 
induce multiple internal reflections (MIR) of light within the sensing chamber 
resulting in an increased optical path. Additionally, integration time is reduced and 
higher sensitivities are obtained [Llo07, Dem08]. In the following, the design of the 
photonic microdevice – labeled as hMBR-MIR – is described along with its optical 
interrogation characteristics based on absorbance measurements for varying 
fluorescein concentrations. Finally, two selected applications of the hMBR-MIR are 
presented: (1) online pH monitoring of cell cultures, and (2) monitoring of 






The configuration of the developed hMBR-MIR is illustrated in Figure 5.7(a). From 
the fluidic point of view, the configuration is composed of two reservoirs and a 
reaction chamber, which are all connected to each other through inlet and outlet flow 
channels. The total volume of the fluidic chamber is 3.31 μL. Considering the optical 
setup, the monolithically fabricated microdevice features a high-level integration of 
optical fiber channels, biconvex microlenses and air mirrors. 
 
Figure 5.7: (a) Schematic of the hMBR-MIR consisting of the hollow MIR structures (optical path 
designated with the dashed line), (b) Photo of the hMBR-MIR filled with PBS-
fluorescein with integrated fiber optics 
Procedural Characteristics 
The master structure is based on a single lithographic step procedure. The height of the 
fabricated master (see appendix A) is optimized to 230 μm, as the applied optical 
fibers to be inserted feature a diameter of 200 μm. After PDMS molding and before 
bonding to the glass bottoms, the inlet and outlet holes of the PDMS structure layer are 
removed (Figure 5.7(b)). This allows the device to be used for either concentration 
characterization through aspiration of different solutions or for batch cultivations. 
Another possibility is to punch bent needles through the PDMS membrane 
horizontally until they reach the inlet and outlet reservoirs. This method is applied for 
morphology studies of fungi spores during 15 h cultivation. 
Integrated Online Analytics and Characterization  
With regard to optical characteristics, the hMBR-MIR represents a complex system 
with a high degree of monolithic integration. The system is comprised of self-




the numerical aperture of the optical fiber) and air mirrors (to improve the reflection of 
the propagating light). Light is coupled into the reactor chamber via a multimode 
optical fiber (Thorlabs, Dachau, Germany). The self-alignment structures feature 
constrictions that clamp the inserted fiber optics and correctly align them with a 
biconvex air microlens. The microlens guarantees partial correction of the numerical 
aperture of the fiber optics. Light enters the reactor as parallel beams on the horizontal 
axis. Corrections along the vertical axis are not possible through the applied 
fabrication procedure. The integrated air mirrors are positioned in such a way that 
incident light undergoes total internal reflection (TIR) as illustrated in the ray tracing 
simulation in Figure 5.8(a).  
 
Figure 5.8: (a) Ray-tracing simulation at the air mirror, considering the refractive index values n of 
air (1.00), PBS (1.33), and PDMS (1.41), (b) Absorbance versus fluorescein 
concentration in the hMBR-MIR  
It makes use of the different refractive indices n of the materials: PDMS 
(nPDMS = 1.41), phosphate buffer solution (nPBS = 1.33) and air (nair = 1.00). Most of the 
light is reflected back and propagates through the fluidic chamber interacting with the 
analyte. The mirror is designed semi cylindrically in order to better focus the reflected 
light. This principle allows for implementation of more than one mirror and thus 
multiple reflections of light (in this case two reflections). Light propagates through the 
system along a zig-zag path (see the dashed line in Figure 5.7(a)). Finally, light 
reaches the microlens of the collecting fiber optics which enhances its coupling into 
the detection fiber and then enters the microspectrometer. In order to demonstrate the 
working principle of the absorbance-based LoC system, the fluorophore fluorescein 
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) diluted in PBS (pH 7.4, 10 mM) 
was selected as a model analyte. A superluminiscent light emitting diode (SLED, 




into the input optical fiber. The output fiber is connected to a microspectrometer 
(P.117, STEAG, MicroParts, Dortmund, Germany) for readout of the resulting optical 
signal. Spectral resolution of the microspectrometer is 12 nm; integration time is set to 
320 ms. The procedure for the absorbance measurements can be described with the 
following steps. First, a reference of the reactor chamber filled with PBS is taken. 
Subsequently, dilutions of progressively higher concentrations of fluorescein (ranging 
between 0.02 and 5 μM) are injected. For each concentration 10 consecutive scans are 
acquired to minimize the experimental error. Once the highest concentration has been 
analyzed, a PBS reference solution is injected and measured again to confirm that no 
drift of the base signal compared to the initial value has been produced during the 
characterization procedure. The absorbance was seen to follow the Beer-Lambert law 
up to a concentration of 4 μM, resulting in a linear dependency (R2 = 0.998) of 
absorbance versus analyte concentration (Figure 5.8(b)). With the values obtained 
from the linear fit, the Limit of Detection (LOD) of the optical microdevice can be 
deduced according to the 3-sigma IUPAC definition [Moc97]. This definition takes 
into account both the slope m and the error  of the y-intercept b resulting in Eq 5.2 
m
)b(3
=LOD         with      
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The sensitivity of the optical device is equal to the slope m of the linear fit. The LOD 
was calculated as 0.110 ± 0.002 μM for a sensitivity of 1.35·10-5 ± 3.0·10-7 a.u./μM 
demonstrating highly promising results for photonic bioapplications. 
In the following, two applications are demonstrated in detail. The first monitoring 
example is performed with a microspectrometer. In the second example the 
microspectrometer is replaced with an inexpensive photodetector which makes 
photonic microdevices even more suitable for disposable applications, yet less 
sensitive. 
Application 1: pH Monitoring of Primary Human Endothelial Cell Cultures  
Accurate pH monitoring in cell cultures is a key factor for maintaining cell viability. 
Phenol red is often added to cell culture media as pH indicator. The dye undergoes a 
visible color change from yellow (pH 6.4) to red (pH 8), which is detectable by visual 
inspection in conventional culture vessels. Phenol red strongly absorbs wavelengths of 
450 and 560 nm and is therefore suitable for non-invasive optical monitoring of pH in 




integrated optical fiber sensors for pH monitoring in microscale cell cultures [Wu09]. 
He reported a sensitivity of 0.83 V/pH over a pH range of 6.8 to 7.8. Measurement in 
real cell culture medium was not conducted.  
In collaboration with the Centre Nacional de Microelectronica (CNM) in Barcelona, 
Spain and the University of Groningen, The Netherlands, the feasibility of online pH 
monitoring during cell cultivation within the hMBR-MIR was examined. One of the 
research objectives in the laboratory of Prof. Dr. Sabeth Verpoorte at the University of 
Groningen is to establish a cell screening tool for the study of endothelial cell behavior 
and response to new drugs. Research was conducted in order to investigate the 
possibility of providing online pH monitoring within these microcell cultures. 
Therefore, absorbance spectra were first obtained for the used cell culture medium 
(EC-medium containing phenol red) which was adjusted to pH values between 6.6 and 
8. A broadband light source (Ocean Optics HL-2000, FL, USA) was coupled into the 
input optical fiber; readout was performed with a microspectrometer (Ocean Optics 
HR4000 with spectral resolution of 2 nm). Deionized water was used for reference 
measurement with integration time of 25 ms. Figure 5.9(a) demonstrates the 
absorbance spectra obtained for EC medium at different pH values within the hMBR-
MIR.  
 
Figure 5.9:  (a) Absorbance versus wavelength as a function of EC-medium pH in the hMBR-MIR, 
(b) Absorbance versus pH units for peaks detected at 560 nm 
It can be observed that the relative intensities of the peaks at 450 nm and 560 nm are 
pH-sensitive. This result agrees with the following assumption: acidic phenol red is 
yellow and absorbs blue light (450 nm), whereas basic phenol red is red and absorbs 
green light (560 nm). Although variation in intensity can be detected for both peaks, 




sensitivity. From the data obtained at 560 nm, the calculated LOD is 0.1 ± 0.0  pH 
units. This allows pH values that differ by 0.1 units to be clearly distinguished, as 
shown in Figure 5.9(b). The attained results prove the validity of hMBR-MIR for high 
sensitivity measurements, which has not been previously reported. 
The next step aimed to establish a cultivation procedure that allows for stable growing 
conditions of primary endothelial cells within the hMBR-MIR. For easy handling and 
enhancement of the system robustness, optical fibers were fixed with silicone glue. For 
sterile conditions, gelatin coating of the microdevice, its fixation with glutaraldehyde 
and subsequent rinsing should be performed. At first, the system was conditioned for 
2 h in EC-medium. Then, it was calibrated with at least six pH values. After cell 
seeding, cells are incubated at 37 °C and 5 % CO2 atmosphere for 1 h in order to allow 
attachment to the gelatin-coated surface. Unattached cells are washed out of the 
system through medium flushing. The system is refilled with fresh medium and placed 
in a self-made mini-incubator with integrated heating elements for continuous 
temperature control. Figure 5.10 illustrates cells seeded in the hMBR-MIR through 
several photos which were taken during the optimization process of the cultivation 
protocol:  
 
Figure 5.10: (a) Cells after normal rinsing procedure, (b) Cells after multiple flushing steps, (c) Live 
cells after 12 h cultivation (in duplication process), (d) Dead cells after 12 h cultivation 
in dried out system 
(a) Directly after seeding and normal rinsing unattached cells are still in the cultivation 
chamber and would interfere in the optical response, whereas attached cells assume a 
cobblestone form; (b) After seeding and multiple rinsing steps all unattached cells 
have been removed; (c) Cells have detached themselves for duplication during cell 
growth; and (d) Cells have died after 12 h cultivation in a dried-out system. Although 
first cultivation tests could be successfully carried out within the hMBR-MIR over a 




mini-incubator. If this is not assured, the reactor dries out (d), and elements dissolved 
in the medium accumulate which randomly changes the intensities of the optical 
interrogation. For further analysis, this problem has to be remedied with a completely 
humid cultivation atmosphere. 
In summary, pH measurements in nL-to-	L volumes of complex cell medium have 
been realized in the hMBR-MIR and a cell seeding and cultivation protocol could be 
successfully established. The next step is to decouple the cell seeding layer from the 
supernatant layer for non-restrictive light propagation and reliable online pH 
monitoring. One possibility is the use of a plateau PDMS layer beneath the fiber optic 
channels. This plateau lifts the fiber optics in order to achieve light propagation only 
through the cell-free supernatant. This will be further investigated with the optimized 
fabrication and cultivation protocol in the Groningen laboratory in the near future. 
Application 2: Germination Monitoring of A. ochraceus Spores 
As explained in Chapter 5.2.1 spore viability in seeding cultures is an important 
criterion for product quantity and necessary for a holistic interpretation of cultivation 
data. The successful performance of the hMBR-G for morphology screening in place 
of conventional laboratory methods has already been proven. The drawback of the 
design is the data evaluation of the pictures recorded with a microscopic camera which 
is – also with special software – still time-consuming, bulky and not mechanically 
robust. Therefore, the idea to apply the hMBR-MIR to morphology screening was 
developed. The microspectrometer was also replaced with an inexpensive 
photodetector in order to allow for a disposable microdevice.  
When comparing the two detection methods presented in this work – namely 
photodetectors and microspectrometers – it can be seen that selection criteria strongly 
depend on the type of measurement to be done: photodetectors are cheap, non-bulky 
and monitor with integration times below the μs level. Drawbacks arise from the 
photodetectors’ wavelength-dependent response (although it can be considered flat in 
the visible region of the spectra). Microspectrometers are fragile, expensive and 
feature integration times in the ms range. However, as the whole spectrum is captured, 
they allow for multiparametric analysis. 
The cultivation procedure for the germination of spores in the hMBR-MIR will now be 
explained. After rinsing with ethanol, the chamber was incubated with an initial spore 




the reactor is filled, the Luer connectors for the inserted needles (GLT, Pforzheim, 
Germany) are refilled with fresh medium and closed with an appropriate Lock adapter. 
In this way, the reactor chamber is protected from drying-out. The microspectrometer 
was exchanged with a photodetector (University of Zaragoza), which converts the 
output light intensity into a voltage signal. Gain at maximum value 10 provided a 
voltage range between -2.5 and 2.5 V which was recorded by a DAQ-card for a 
cultivation time of 17 h (value recorded every 2 s). The light source used was an 
SLED with a working wavelength of 645 nm (University of Zaragoza, Spain). In 
addition, the microdevice was monitored using an inverted microscope (Zeiss, Jena, 
Germany) with a 20x zoom. A picture was taken every 15 min at one concrete 
location. In doing so, the optical results obtained with the photodetector could be 
compared with the visible morphological changes of the spores within the chamber.  
Germination characteristics as explained in Chapter 5.2.1 can be extracted from Figure 
5.11(a), in which recorded voltage of the photodetector is plotted versus germination 
time. In general a decrease of the voltage is observed which corresponds to a 
diminution of the transmitted light during the germination process. Having a closer 
look at specific times with regard to visual results from the recorded pictures (1 to 6 in 
Figure 5.11(b)), it can be seen, that spores are settling to the bottom of the reactor for 
5.3 h. This is due to the filling strategy which requires time for self-equilibration. The 
decrease of the voltage during this time period can be related to further spores settling 
from the inlet and outlet during the self-equilibration process. After this time, a stable 
level of light intensity can be observed. Between 5.3 h (picture 2) and 8 h (picture 3) a 
small linear decrease of voltage can be noticed which can be referred to the swelling of 
the cells. It should be noted that light distribution inside of the MBR is not 
homogeneous. It features an ellipsoidal shape – with a centrally-located maximum 
light density – due to the cylindrical microlens defined at the edges of the microfluidic 
structure. In this context, the top and bottom parts of the reactor are screened by a 
comparatively low light intensity, making it impossible to detect small variations in 
these regions. Although the first swollen spores germinated after just 8 h (picture 3), a 
stable intensity level can be found from this time point on. This may be related to the 
fact that initially spores only germinate in the 2D plane and not towards the z-axis, 
where they would have higher interaction with the injected light. However, after 9.6 h 
a steep linear diminution of the light intensity can be observed, even though not all 
spores have been germinated at that time (picture 4). After 11 h (picture 5) all spores 




germination occurring in the third axis (z-axis) as well, which is justified by the 
unfocused germs in picture 5. 
 
Figure 5.11: (a) Germination of spores in the hMBR-MIR: Voltage of the photodetector versus 
germination time with corresponding pictures taken by the inverted microscope, (b) 
Picture taken after 15 h cultivation 
Figure 5.11(b) shows spores that have germinated after 15 h of cultivation. With this 
information, the existing setup and the obtained data, the different germination rates as 
percentages cannot be directly withdrawn. However, it can be assumed, that similar 
behavior – especially the sharp bend at t = 9.6 h – should also be attained for other 
germination conditions, with the difference of either being shifted to earlier times (for 
faster germination implying better germination conditions) or to later cultivation times 
(requiring more time for germination). In order to improve the signal, the light source 
should be replaced by a high power laser diode or voltage analyzed by the 
photodetector should be amplified. Furthermore, with regard to the design criterion, an 
amelioration of the signal could also be achieved by using a two-mask process which 
includes implementing a plateau within the reactor chamber. This plateau should 




amount of light coupled in the fiber optics would propagate through the reactor exactly 
at the level where the spores would be seeded on the plateau. 
Conclusion 
Through the presentation of two different biological applications, the hMBR-MIR 
reveals great potential for the use as a screening instrument due to its integrated 
photonic elements based on absorbance. Another application was recently published 
[Iba10] where the disposable LoC system was used for characterization of a human 
monocytic cell line THP-1 (ECACC No.88081201). It was reported that dead/live cell 
ratios could be measured at constant cell concentration with an LOD comparable to 
NEUBAUER cell counters, yet only requiring 30 ms for measurements along with the 
option of multiparametric (detection at different wavelengths) and continuous cell 
monitoring.  
5.2.4 MBR with Integrated Segmented Waveguides (hMBR-SWG)  
Photonic LoC systems can be based on integrated optics working in an evanescent 
field [Pri03]. The drawback of this type of system is its long interrogation lengths. A 
more promising principle is the full-field configuration, which has been applied to the 
hMBR-MIR (Chapter 5.2.3). With this configuration, most of the propagating light 
interacts with the analyte. The optimal configuration would entail a photonic LoC 
system that features the following characteristics: (i) microoptics for light 
in/outcoupling (hence reducing the insertion losses); (ii) performance of the full-field 
approach (high light-analyte interaction), and (iii) light guiding properties of the 
evanescent field. Although this situation seems contradictory, Kinrot et al. [Kin06] 
realized a configuration by defining FABRY-PEROT structures with SU-8 waveguides. 
The waveguides were used for sensing applications and provided auspicious results.  
A photonic LoC system based on PDMS segmented waveguides (SWG) is being 
documentated here for the first time. The required microoptics are integrated in a plug-
flow-like hMBR, which is called hMBR-SWG. The proposed configuration possesses 
several advantages with respect to the optical, microfluidic and biological point of 
view, namely: (i) There is a beneficial compromise between light guidance and light 
interaction; (ii) Considering the difference in refractive indices between PDMS 
segments and the analyte, small diffraction should occur, hence keeping the signal-to-
noise ratio (SNR) at a reasonable value; iii) The segments modify the fluidic path, 




configuration was analyzed through absorbance measurements using two different 
analyte models: the fluorophore fluorescein and a suspension of hydrophobic yeast 
cells for microbial growth estimation (OD) in continuous cultivation. 
Design and Simulation 
Figure 5.12(a) illustrates the schematics of the hMBR-SWG.  
 
Figure 5.12: (a) Schematic system of the hMBR-SWG with sSWG or aSWG, (b) Results of 
numerical CFD simulation: velocity magnitude contours within the hMBR-sSWG and 
hMBR-aSWG, (c) Photo of the hMBR-sSWG filled with fluorescein  
The reactor features self-alignment structures for clamping of the fiber optics, as 
already presented in detail for the hMBR-MIR (Chapter 5.2.3). The integrated 
microlens produces parallel beams, that are coupled into the segmented waveguide 
(SWG). The SWG, in turn, is composed of a sequence of pillars (segments) each with 
a thickness of 230 μm and a pitch of 200 μm. The pillars play two main roles. From a 
photonic point of view, they allow for the mergence of the evanescent and full field 
properties in a single transducer, namely the light confinement and a large light-
analyte interaction. Light remains confined in each pillar, while it experiences free 
propagation in the region between two consecutive pillars. Due to the small difference 
in refractive index between the pillars and the surrounding media, both the diffraction 
of the light emerging from the waveguide and the backscattering due to Fresnel 
reflections are very low. From a fluidic point of view, the pillars serve as constrictions 




consecutive pillars. Two different hMBR-SWGs were designed that feature either 
symmetric or asymmetric SWGs (defined as hMBR-sSWG and hMBR-aSWG, 
respectively). 
The sSWG has seven symmetrical rectangles with dimensions of 320 x 100 μm2. 
Conversely in an aSWG, each pillar consists of truncated prisms with lengths 
of 150 μm and 320 μm. Seventeen of these SWGs are included in each type of MBR. 
This allows for the study of spatial or temporal changes over time of an injected 
analyte or cell suspension. The hMBR-SWG consists of, apart from the reaction 
chamber (11 μL), an inlet and outlet which promotes continuous cultivation. Within 
the hMBR-aSWG, the 17 SWGs are arranged in alternating directions for fluidic 
purposes. 
In order to predict the differences between the fluid flow behavior within both hMBR-
SWGs, a numerical 3D simulation was carried out with a commercial CFD code 
(Fluent Inc. Version 6.3.26) at the Institut für Strömungmechanik, TU Braunschweig. 
The final meshes – optimized by mesh dependence studies – consist of about 1.1 and 
0.9 million mesh points for hMBR-aSWG and hMBR-sSWG, respectively. Boundary 
conditions were set: flow rate of 0.5 mL/h and ambient pressure at the outlet channel. 
Figure 5.12(b) illustrates the velocity magnitude contours of the simulation for both 
reactor designs. It can be seen, that fluid flow in the hMBR-sSWG is more 
homogeneous than the fluid behavior in the hMBR-aSWG. The inhomogeneous fluid 
character of the latter goes along with its larger dead zones around the asymmetric 
segments. Hence, from a fluidic point of view, sSWGs are more suitable for 
implementation in photonic LoC systems. If an aSWG features better performance 
than an sSWG – from the optical point of view – it was experimentally tested and 
described in the following. 
Procedural Characteristics 
Identical to the hMBR-MIR, the master structure of the hMBR-SWG is based on a 
single lithographic step procedure with a height of 230 μm (see appendix A). After 
bonding, the device is horizontally connected with needles (Figure 5.12(c)).  
Integrated Online Analytics and Characterization  
With respect to optical characteristics, the aSWG can be operated in normal and 




coupled to the smaller segment. Reverse injection refers to the opposite situation, 
namely when the light is first injected to the larger segment. In order to validate the 
optimal light configuration, the following procedure was carried out. Monochromatic 
light (S1FC635, Thorlabs, Dachau, Germany) with a power of 2.5 mW at 635 nm was 
coupled to a multimode optical fiber. Light was passed through the SWGs (for the 
three different configurations) and was  collected and transferred to a power meter 
model 1930-C (Newport, Madrid, Spain) with a dynamic range of 131 dB.  
Total losses of the three SWG configurations were obtained for the reactor filled with 
de-ionized water and without. Table 5.1 shows the results of the experimental losses 
for quadruple measurements. As expected, when the volume between the pillars was 
filled with water, strong reduction of light losses (of ca. 4 dB for all three cases) could 
be observed. This is due to a decrease of Fresnel reflections. It could also be noticed, 
that for all three configurations experimental losses were of a similar and reasonable 
value: around 8 dB and 12 dB for water and air, respectively. This small difference can 
be understood when considering the RI step (nPDMS = 1.41, nPBS = 1.34; RI = 0.07), 
which causes just a small broadening of the beam. In addition, the small RI also 
assures very small backscattering.  
Table 5.1 Experimental losses of the three different SWG configurations together with sensitivity 
and LOD of the fluorescein measurements conducted in the different hMBR-SWG 
Configuration Experimental Losses R2 Sensitivity LOD 
 Air  Water  Fluorescein  
 [dB] [dB]  [a.u./μM] (·10-3) [μM] 
sSWG 12.3 ± 0.3 8.2 ± 0.2 0.9995 18.8 ± 0.2 1.99 ± 0.02 
aSWG: normal injection 11.4 ± 0.2 7.8 ± 0.1 0.9990 20.2 ± 0.3 2.94 ± 0.05 
aSWG: reverse injection 12.7 ± 0.3 8.9 ± 0.2 0.9996 19.1 ± 0.2 1.76 ± 0.02 
 
The subsequent step was to determine the LOD and the sensitivity of the different 
SWG configurations for a given analyte (fluorescein). Similar to the analysis 
procedure previously described for the hMBR-MIR, absorbance as a function of 
fluorescein concentration (0.25-1000 μM) was studied. The experimental setup 
included a blue SLED (working wavelength of 460 nm) and a microspectrometer 
HR4000 (Ocean Optics, Dunedin, USA). The absorbance follows the Beer-Lambert 
law up to a concentration of 125 μM for all MBRs, resulting in a linear dependency of 
absorbance versus analyte concentration with an R2 of 0.999 (Table 5.1). LODs range 
between 1.76 and 2.94 μM. When comparing the experimentally obtained sensitivities 




0.019 and 0.020 a.u./μM). The optical performance of the different SWG 
configurations is similar, and hence it is clear why the sensitivities are comparable. 
The optical configuration is therefore not the limiting factor for absorbance-based 
applications, yet the obtained fluidic profile. The requirements of a homogeneous 
distribution without dead zones are better addressed with the hMBR-sSWG. Therefore, 
this design was used for the local monitoring of OD during cultivation of yeast cells in 
continuous mode. 
Application 1: Cultivation of S. cerevisiae for Online Analysis of OD 
A continuous cultivation of S. cerevisiae was carried out to test the viability of the 
proposed systems for photonic MBRs. The OD is locally monitored along the y-axis, 
which is atypical for other developed MBRs (Chapter 5.1). After desinfection with 
ethanol, the hMBR-sSWG is inoculated with a cell suspension with initial OD600 = 0.1 
diluted in 1 g/L of modified VERDUYN medium. For this initial low OD, the light 
source used was an SLED with a wavelength of 460 nm (full width at half maximum is 
50 nm). This wavelength is similar to what was previously used by Tung and his 
coworkers for measuring S. cerevisiae in optofluidic systems [Tun04]. In this work, 
the objective is to demonstrate the viability of the sSWG integrated in a photonic 
MBR. Hence, during the 33 h of cultivation at stable temperature of 30 °C, cell growth 
is monitored in one SWG close to the outlet of the reactor. Whenever required, all 17 
channels of the hMBR-SWG could be recursively or simultaneously used. In addition 
to the continuous local monitoring of the cell growth, the used experimental setup 
(SLED and spectrometer) also allows determinination of the working wavelength in 
which three magnitudes are simultaneously optimized: maximal growth rate, minimal 
doubling time and minimal statistical error. To this effect, a protocol similar to that 
previously presented by Ibarlucea et al. [Iba10] was used.  
The characterization protocol starts with the recording of the reference spectra for the 
sSWG. After inoculation, fresh VERDUYN medium was continuously dosed to the 
system at a rate of 0.5 mL/h. Throughout the experiment, a spectral response was 
recorded every hour. Figure 5.13(a) shows a photo of the sSWG after 33 h of 
cultivation; light is emitted from left to right. It can be noticed that cells partially 
adhered to the glass during growth due to sedimentation effects and to the PDMS due 
to hydrophobic interactions between the cells and the PDMS (particularly at the 
segments). Figure 5.13(b) shows the absorbance versus cultivation time (equivalent to 




transition curve between inoculation and the stationary growth phase can be observed 
for all wavelengths. Within the first seven hours the expected lag phase could be 
detected. After this time, yeast cells grew exponentially (linear in absorbance plots). 
Finally, a stationary phase was reached at t = 18 h. It can also be seen that different 
wavelengths provide different responses with respect to the OD of S. cerevisiae which 
can be traced to the absorption bands of this microorganism [Bar10]. This wavelength 
dependancy could only be observed at large when absorption dominated over 
scattering [Iba10] which was the case in this analysis. 
 
Figure 5.13: (a) Photo of the sSWG after 33 h of cultivation of S. cerevisiae, (b) Transition curves 
from the inoculation to stationary phase growth as a function of the working 
wavelengths when cultivating yeast cells were 33 h in sSWG, (c) Rate of growth and 
doubling time obtained from the exponential phase as a function of the working 
wavelength. Arrows mark the optimal working wavelength  
The effect of the working wavelength for screening purposes can be seen more clearly, 
when the growth rate μ and the doubling time has been determined (from the 
exponential phase of (Figure 5.13(b)) and plotted versus the working wavelength 
(Figure 5.13(c)). There are several aspects that can be easily noticed: Firstly, growth 
rate is similar to those previously presented, which confirms the validity of the 
proposed photonic MBR. In addition, Figure 5.13(c) allows analysis of the effect of 
the working wavelength on the determination of growth rate and doubling time. It can 
be seen that the optimal working wavelength for S. cerevisiae is in this case located at 
469.92 nm, with a growth rate of 0.39 ± 0.02 h-1 and a doubling time of 1.65 ± 0.09 h. 
This wavelength varies slightly from the absorption band presented in [Bar10] and 




directly, the growth parameters and their respective accuracy) may vary significantly. 
Hence, the spectral response of cell cultures should be accurately studied in photonic 
MBR prior to determining the growth parameters of a given microbial culture. 
Conclusion  
Besides the easy and monolithic integration of the SWG into PDMS microfluidic 
systems, the results presented here are very promising for the application in disposable 
biophotonic LoC systems based on absorbance measurements. 
5.2.5 Active Micro Stir Tank MBR (hMBR-ST)  
None of the forementioned h-MBRs can be utilized as a chemostat, because biomass 
tends to partially adhere inside of the MBR during growth, due to a lack of induced 
convection and the sinking phenomenon of the cells. The morphological study of 
human cell cultures is an example, for which adhesive growing is desired. 
Nevertheless, in order to screen microorganisms with respect to reaction kinetics, the 
presence of homogeneous biomass suspension is essential. Homogenization of cell 
suspension can be improved with an integrated microstirrer, similar to commonly used 
bioreactors on the macroscale. These reactor systems have been scaled down by 
different research groups as explained in Chapter 5.1 (miniaturized MBRs). However, 
microtechnological processes were exclusively employed for the microfluidic 
structures, whereas commercially available “micro”stirrers were subsequently 
assembled and externally actuated (via commercial magnets or coils). This limits the 
integration level and thus the reduction in size of the MBRs. Therefore, the challenge 
consists of obtaining a higher integration level, especially with respect to the actuator 
in order to minimize the system’s size. A few attempts at minimizing the stirrer size 
have been reported, yet none have been utilized for a micro stir tank reactor nor feature 
internal actuation. Ryu et al. [Ryu04] presented an electromagnetically actuated rotor 
to mix two different fluids. The stirrer (400 μm in length and 15 μm in thickness) 
rotates in the presence of an external magnetic field. Agarawal et al. [Aga04] 
developed a micromotor, which is equipped with a hydrogel actuator. The rotor is set 
in motion on a magnetic stirrer platform. Waldschik [Wal10] succesfully fabricated a 
rotatory synchronous micromotor via microtechnological processes. The motor is 
composed of a stator and a rotor. In this work, the micromotor was modified and 






The developed hMBR-ST comprises three basic elements: the stator, the rotor (stirrer) 
and the PDMS microvessel with integrated online analytics for OD. The stirrer is 
mounted on the stator, which includes the electrical conductors and double layer coil 
systems and is covered with the PDMS reactor vessel, as depicted in Figure 5.14(a). 
The vessel includes baffles in order to perturbate the rotating fluid profile in the round 
reactor. In addition, the PDMS layer includes photonic elements (channels for fiber 
optics and microlenses) to provide online OD monitoring at the inlet and outlet of the 
hMBR-ST. The disk-shaped microrotor possesses flat panels located at the perimeter 
and resembles a disk stirrer from macroscale applications. The rotor contains 
alternating magnets with axial magnetization and is assembled onto the stator via an 
integrated guide made of SU-8. The actuator features double layer sector spiral coils. 
The arrangement of the coils and magnets allows driving through 3 phases.  
 
Figure 5.14: Schematics (a) and image (b) of the hMBR-ST comprising the stator, the rotor 
(microstirrer) and the PDMS microvessel with integrated online analytics for OD  
Procedural Characteristics 
The fabrication processes for the rotor and the stator are explained in detail in 
Waldschik [Wal08]. It includes UV-depth lithography, which uses AZ9260 for 
electroforming and SU-8 for insulation, planarization and embedding. The process for 
the fabrication of the stator (on a ceramic baseplate) starts with the fabrication of the 
lower conductors of the double layer coil made of electroplated copper. An SU-8 
insulation layer follows which provides openings to the upper coil layer for through 
connections. Following electroplating of the upper conductors, the coils are covered 




patterned that allows for precise adjustment of the rotor onto the stator. For the 
fabrication of the rotor, arbitrarily shaped molding forms are structured in SU-8. These 
molds are filled with a liquid magnetic composite (90 wt% neodymium-iron-boron 
based alloy). After baking and polishing, the rotors are individually magnetized in a 
self-constructed magnetization apparatus. This fabrication procedure was performed 
by Waldschik who provided the stator and the stirrer.  
The structured PDMS layer consisted of a reactor chamber with a height of 550 μm. 
Inlet and outlet channels for the fluid and the fiber channels were patterned in a 
different layer which is only 230 μm in height. In order to achieve this design, the 
double lithographic process had to be adapted: the first layer (230 μm) was exposed 
and developed before the second layer (320 μm) was spun-on with three subsequent 
spinning steps to obtain a total height of 550 (appendix A). Before assembling the 
three basic elements (rotor, stator and PDMS cover), silicon nitride (ca. 150 nm) was 
deposited on both the rotor and the stator through plasma enhanced chemical vapour 
deposition (PECVD). This allows for direct bonding of PDMS and SU-8 after plasma 
activation. As SU-8 does not provide complete biocompatibilty which is essential for 
cell cultures, silicon nitride serves as an additional intermediate protection layer. The 
ceramic baseplate of the stator was placed on a glass chip and fixed by pouring PDMS 
of same height as the ceramic baseplate. Once the PDMS was polymerized, the rotor 
was adjusted to the stator which is facilitated by the integrated guidance structures. 
Plasma activation and bonding of all three elements followed. The hMBR-ST was 
finally equipped with inlet and outlet needles Figure 5.14(b) and holds a total volume 
of 13 μL. 
Integrated Online Analytics and Characterization 
During cultivation, biomass growth could be continuously monitored with the fiber 
optics that are directly implemented in the fluidic outlet channel. Emitted light was 
coupled through the biconvex lens into the fluidic outlet channel. Light propagated 
650 μm through the channel before entering the outlet optical fiber which is connected 
to the microspectrometer. A design optimization of the optical fiber channels was 
performed in order to provide easy handling and high stability of the optical sensing 
for a minimal area. Figure 5.15(a) depicts ten different design variations. No. 7 
resulted to be the most effective design, as the fiber could easily be inserted until the 
alignment structures were reached. Insertion was performed without causing 




and frontal alignment of the fiber with the microlens. The functionality and 
performance of the integrated optical structures was analyzed with PMMA particle 
suspensions (BB01N/2242, average particle size of 6.5 μm, Bangs Laboratories Inc., 
IN, USA) with varying concentration (0.1, 0.25, 0.5, 0.75, 1.0, 1.5 g/L) according to 
the standard calibration procedure (integration time of 4 ms). The particles were 
chosen to mimic the cell suspension of S. cerevisiae. They resembled the average cell 
size, density and hydrophobic surface character of the yeast cells used here. Figure 
5.15(b) demonstrates the linear correlation (R² = 0.99) between the absorbance and the 
particle concentration at a wavelength of 613 nm. The photonic system is highly 
sensitive with 0.041 ± 0.002 a.u./(g/L) and an LOD of 0.133 ± 0.008 g/L for particles 
similar to yeast cells, demonstrating its suitability for online monitoring of produced 
biomass during cultivation in the hMBR-ST. 
 
Figure 5.15: (a) Different design variations of channels for fiber optics, (b) Absorbance versus 
PMMA particle-suspensions of different concentrations  
The initial inoculation concentration (usually used for cultivation in MBRs) possesses 
an OD600 nm of 0.4 which corresponds to a biomass concentration of 0.209 g/L for 
S. cerevisiae [Edl10b]. As biomass grows exponentially throughout the cultivation 
time, the obtained LOD is sufficient. Nevertheless, experimental error has to be taken 
into account during the calibration procedure because the used hydrophobic PMMA 
particles tend to interact with the hydrophobic PDMS. For hydrophilic cell cultures the 
LOD should be even better. As PMMA particles and water feature similar refractive 
indices, scattering losses will not be very high and the dynamic range for particle 





Application 1: Cultivation of S. cerevisiae 
In the first cultivations of S. cerevisiae the performance of the developed hMBR-ST 
was successfully proven. The optimization of the cultivation protocol includes apart 
from the optical setup, the electrical contact of the hMBR-ST with a special connector. 
The reactor was initially rinsed with ethanol for disinfection and flushed with sterile 
VERDYN-medium. The reactor chamber was then inoculated with a cell concentration 
of OD600 nm = 0.4. The microspectrometer (Ocean Optics) automatically recorded 
spectra for time intervals of 10 min (with an integration time of 7 ms). A microscopic 
camera (DigiMicro 1.3, dnt, Germany) simultaneously took pictures of the entire 
reactor vessel in order to survey the continuous movement of the stirrer and the 
possibility of its disruption due to generated bubbles. The actuator rotation was set to 
120 rpm (with a frequency of 12 Hz and an amplitude of 50 mA). The cultivation was 
successfully performed over a time period of approximately 10 h with constant 
stirring. 
 
Figure 5.16:  Cell morphology obtained after cultivation in: (a) shake flask (pre-cultivation), (b) 
hMBR-PE [Edl10b], and (c) hMBR-ST 
After 10 h of cultivation the reactor was flushed with 15 μL/min of fresh medium. The 
washed out suspension was examined under the microscope. Figure 5.16(c) illustrates 
the morphology of the produced biomass. Planctonic yeast cells with a form factor 
(ratio of the height q to the length l of the cell) of 0.85 were observed. This form factor 
is similar to that attained after the pre-cultivation (Figure 5.16(a)). Only minimal 
hyphal growing could be detected although the PDMS vessel walls had not been 
preliminarily hydrophilized. Hyphal growth was usually observed in the previously 
mentioned hMBRs, in which cells tended to grow adhesively. The variance in 




[Edl10b]) is partially due to the convective fluid profile induced by the microstirrer. 
This again results in more homogeneous nutrient supply, which suggests submerged 
cultivation conditions. However, the hMBR-ST also has the disadvantage of exhibiting 
a limited degassing phenomenon of the produced CO2 during cell growth. The 
resulting gas bubbles coalesce into larger bubbles that eventually can prevent the rotor 
from stirring.  
Conclusion 
Although the feasibility study of microbiological cultivation was proven successful 
inside the hMBR-ST (showing similar form factors as those obtained on laboratory 
scale for suspensed growth), the fabrication effort (which is cost and time intensive) is 
a disadvantage for disposable applications. Additionally, bubble generation and 
agglomeration cannot be avoided, due to high microbiological activity and cellular 
respiration, and the aformentioned methods for bubble elimination have to be applied 
(Chapter 2.1.1). 
5.2.6 Conclusions and Perspectives of hMBRs 
Various hMBRs have been proven useful for several applications, including 
cultivation and screening of microorganisms and human cells in batch or continuous 
mode. It can be concluded that cell-surface interaction plays an important role 
especially in small volume reactors made of hydrophobic PDMS. At large, 
differentiation has to be made between adhesive growth and growth in suspension 
within microcultures. Adhesive growth is advantageous and obligatory for drug 
screening with cell cultures. However, in the case of bioprocess development, adhesive 
growth causes limitations as reaction kinetics of bioprocesses can only be reliably 
derived from cultivations in suspension. This problem was remedied with the 
development of vertically positioned MBRs (vMBR), which are explained in detail in 
the next chapter. Positioning of the microdevice at 90°, eliminates bubbles due to cell 
respiration. Bubble generation is not as much of a problem for human cell 
microenvironments, but is for those with a high microbiological activity. 
5.3 Vertically Positioned MBRs 
The validity of MBRs for screening application in bioprocess development is proven 




that are comparable to data obtained on the laboratory scale. In the prior section on 
hMBRs, a homogeneous cell distribution in the medium is not permitted, mainly due 
to the small flow rates. One possibility to obtain cultivation in suspension is to 
implement a microstirrer inside of the reactor chamber as explained in Chapter 5.2.5. 
However, fabrication time and expenses are not consistent with the low-cost standards. 
An attempt was made to remedy the issue of insufficient cultivation in suspension with 
a vertically positioned MBR that makes use of gravity effects and does not require an 
external, mechanical energy supply. Background knowledge for the conception of the 
vMBRs was initially obtained from existing principles on the macroscale, such as 
fluidized bed reactor, bubble column or airlift reactor [Sch01]. Nevertheless, these 
concepts had to be adapted with respect to the hydrodynamic requirements that 
dominate on the microscale.  
The effects of gravity and hydrostatic forces have already been taken advantage of in a 
few vertically positioned microsystems: a microchip for polymerase chain reaction in 
order to ensure a degassing of the chip [Liu04], a microflow cytometer based on 
gravity and electric forces [Yao04], a microdevice for particle separation [Huh07], and 
a microchip for the gravity-driven generation of microdisperse nanoliter particles 
[Liu08]. It must be taken into account that flow in the vertical direction is rather 
atypical for microfluidic systems as these types of systems are based on layer-by-layer 
technology.  
In the following sections two different MBRs are presented: a fluidized bed reactor 
(vMBR-FB) and a microbubble column (vMBR-BC). Both designs feature different 
elements for online analytics.  
5.3.1 Fluidized Bed MBR (vMBR-FB)  
The initial idea of attaining submerged cultivation in a vertically positioned MBR was 
to take advantage of the gravity of the cells within the reactor chamber. The stability of 
the cells is maintained through a continuously pumped liquid from the bottom of the 
MBR with at a set perfusion velocity. This reactor type features characteristics similar 
to fluidized bed reactors which are well-known and widely used in chemical 
engineering to control solid material in suspension and avoid displacement outside of 
the reactor. The solid particles ascend in the center of the bioreactor until the 
equilibrium of forces is reached; then decline along the wall of the reactor. Figure 
5.17(a) illustrates schematically the forces (buoyancy (FB), drag (FD) and gravity force 




the terminal velocity vs of a settling particle can be determined (Eq 5.4) [Chi06], where 
l and p are the densities of the liquid and the particle, dp the diameter of the particle 
and cD the drag coefficient. In a fluidized bed reactor particles float around inside of 
the reactor as the force of the upstreaming medium velocity is equal to the gravity 
force. This velocity is called the minimal fluidization velocity vmf for which various 
empirical equations exist. These equations depend on different parameters such as the 
form factor of the particle (e.g. according to Stokes, Storhas or Richardson/Zakie) 
[Chi06]. 
 
Figure 5.17: (a) Different forces acting on a rigid particle in a fluid, (b) Terminal velocity vs of a 
particle derived from the balance of forces [Chi06] 
When the fluidization point is reached, a continuous supply of fresh culture medium 
can be guaranteed and cell retention time is independent from the hydraulic retention 
time. It should be considered that fluidized bed reactors are commonly used for 
particles (solid catalyzer or immobilized cells) which feature higher densities than the 
perfusion fluid in order to guarantee a reliable process. With regard to planktonic cells, 
the density difference is rather small, therefore reliable process control is presumed to 
be challenging within the vMBR-FB. 
Design and Simulation  
Figure 5.18(a) demonstrates the schematic of the developed vMBR-FB. Passive 
mixing of the cell suspension inside of the reactor is enhanced with implemented 
passive elements based on the split-and-recombine principle. Appropriate inlet 
structures allow for homogeneous distribution of the medium along the entire width of 
the reactor. These complex geometrical structures provide sufficient cell retention time 
with an operational perfusion velocity slightly above vmf. In addition, the reactor is 
designed in the way that the velocity in the cone shaped inlet structure is higher than 
within the reactor itself. This design feature guarantees particle flow into the reactor 




also broadens before the outlet to slow down the perfusion velocity and induce a 
settling of the cells. The flow profile characteristics were validated with 2D single 
phase fluid simulation in Fluent (mesh: triangular cells, mesh points: 123700) (Figure 
5.18(a)). Velocity at the wall is lower than in the middle of the reactor chamber which 
causes an enhancement of the circulation characteristic of the particle suspension. 
 
Figure 5.18: vMBR-FB: (a) schematic, (b) fluid profile based on numerical simulation, (c) photo 
with integrated fiber optics and fluorescein-dyed medium (for improved viewing) 
The vMBR-FB features integrated optical analytics based on SWG (Chapter 5.2.4). 
The SWG possesses dual functionality: (i) to direct the flow and (ii) to couple the light 
along the width of the reactor for OD measurements. The segments feature sharp 
etches along the fluid direction in order to avoid precipitation of the plateaus (which 
were formerly rectangular) during particle settling. The optical performance of the 
modified segments is presumed not to be negatively affected by the sharp edges as 
reverse injection of the asymmetrical SWGs in Chapter 5.2.4 did not make a difference 
in the optical signal. Furthermore, the void space in the top of the reactor is intended 
for the subsequent implementation of an oxygen sensor spot (Chapter 5.2.2).  
Procedural Characteristics 
The SU-8 mold master featured a height of 230 μm (see appendix A). PDMS was 




Figure 5.18(c) shows a photograph of the fabricated vMBR-FB with inserted optical 
sensors. The chamber is filled with fluorescein-dyed water for clear viewing. 
Integrated Online Analytics and Characterization 
Similar to the analysis performed for the hMBW-SWG (Chaper 5.2.4), the 
functionality and performance of the integrated optical SWG elements of the vMBR-
FB for online OD measurements were investigated with PMMA particle suspensions 
(Average diameter = 6.5 μm, BB01N/2242, Bangs Laboratories Inc., IN, USA) 
according to the standard calibration procedure (with an integration time of 40 ms). 
Particles were chosen to mimic the cell suspension of S. cerevisiae. Figure 5.19(a) 
shows the linear correlation (R² = 0.94) of absorbance to particle concentration at a 
wavelength of 644 nm. From the obtained data, the sensitivity of the system was 
calculated to be 0.288 ± 0.032 a.u./(g/L) and the LOD to be 0.314 ± 0.035 g/L. 
 
Figure 5.19: (a) Absorbance over PMMA particle concentration within one SWG of the vMBR-FB, 
(b) Bubble elimination in the chamber with the pressure-driven method by [Kan08] 
These results demonstrate the general feasibility of the integrated SWG, however it is 
not as sensitive as other photonic systems preliminarily described. Two reasons that 
might cause the attained performance results include: (i) hydrophobic particle-wall 
interactions which result in adhesion to the PDMS segments during calibration and (ii) 
bubbles that block the fluidic channels between the segments (with channel width of 
180 μm). Once bubbles entered the reactor chamber, it was difficult to remove them 
through the outlet of the reactor. Therefore the pressure-driven bubble elimination 
method by Kang et al. [Kan08] was applied (Chapter 2.1.1). Figure 5.19(b) illustrates 
the successful bubble removal through the PDMS membrane after 20 min of 




Nevertheless, it is evident, that this operational intervention during cultivation will 
largely influence the fluidic profile. 
Application: Continuous Cultivation of S. cerevisiae 
Besides the perfusion with PMMA particle loaded medium, S. cerevisiae cells were 
suspended in VERDUYN medium and inoculated in the vMBR-FB. The floating state of 
the cells (vmf) was accomplished with volume rates between 10 and 20 μL/h, which 
were preestimated with empirical equations and experimentally adapted. It should be 
investigated whether the change in momentum of such volume flows can be 
controlled: each laminar stream line continued along its path through the reactor 
without any exchange with the other streams, thus the splitting and recombining 
principle did not have an impact on the fluid. Splitting and recombining was visible for 
increasing perfusion velocities – with a volume rate of 50 μL/min – hydraulic retention 
times of 20-30 min were obtained. However, this time period is not high enough to 
allow for a reliable doubling time of the cells. In order to remedy this drawback, the 
reactor could be perfused in quasi continuous mode at distinct time intervals. This 
solution would flow under the influence of a required control system that would 
survey the movement of the cells. It was also observed, that the vMBR-FB was highly 
sensitive to pressure fluctuations induced through the syringe pump and changing 
atmospheric pressure. 
Conclusion 
The idea of perfusion based cultivation in suspension in the vMBR-FB appeared to be 
promising due to its simple fabrication and the non-bulky periphery required. 
Nevertheless, the cultivation in the reactor was not further pursued because of the 
following three main drawbacks: (i) high risk of bubble production and difficulty in 
elimination, (ii) high hydrophobic cell-wall interactions and (iii) complex 
controllability of the perfusion velocity which is strongly dependent on boundary 
conditions (e.g. density difference between particle and fluid, pressure variations). 
However, the concept of perfusion based vMBR with its integrated photonic elements 
appears beneficial for cultivation of cells that are preliminarily immobilized in beads. 
5.3.2 Bubble Column (vMBR-BC) 
A bubble column reactor presents a technological simple reactor design as it allows for 




(Figure 5.20(a) left). A heterogeneous circulation flow results from a constant gas 
throughput: cell suspension rises in the middle of the reactor and settles near the walls. 
An airlift reactor is a modified bubble column that possesses a clearly defined 
circulating profile due to its geometry (Figure 5.20(a) right). Airlift reactors are 
composed of three structural components: the riser, the gas liquid separator (gas 
disengagement tank) and the downcomer. In contrast to the BC, bubbles only ascend 
in the riser, and the downcomer provides for the descending of cell suspension. Two 
requirements must be fulfilled for flow circulation according to the model of two 
communicating tubes: (1) density difference between the triphasic riser and the 
biphasic downcomer (which is dependent on the relative gas hold up); (2) difference 
between the liquid column level in the riser and the downcomer (higher in the riser 
than in the downcomer).  
 
Figure 5.20: (a) Schematic of bubble column (left) and airlift reactor (right) 
In chemical and biochemical engineering various industrial multiphase reactions are 
carried out in triphasic reactors as they possess several advantages: simple 
construction, no mechanical moving parts, enhanced mass transfer properties and low 
construction and operation costs (as the gas phase in the reactor serves the dual 
functions of aeration and agitation).  
Bubble formation plays a key role in the resulting hydrodynamic profile of a triphasic 
reactor as it controls the circulation of the liquid. The liquid flow in turn influences the 
performance variables of the reactor such as mixing, mass and heat transfer, 
turbulences and shear stresses [Chi89]. The produced bubble diameter db is simply 




bubble diameter, dn the nozzle diameter, l and g the density of the liquid and gaseous 








=  (Eq 5.5) 
Eq 5.5 is only valid if the liquid is not accelerated through the bubble formation and 
solely the following forces are acting on it under static pressure: mass force and 
surface force. Nevertheless, under standard conditions, bubble formation occurs with 
such high velocities, that the bubble formation equation (Eq 5.5) cannot be applied. 
For dynamic bubble formation, several empiric equations can be found in literature, 
which were derived from macroscale setups [Bra71].  
In this work, both types – the bubble column and the airlift reactor – were developed 
as triphasic MBRs. However, initial analysis was mainly performed with the 
microbubble column (vMBR-BC), which is explained in the following. 
Design of the vMBR-BC 
Figure 5.21(a) illustrates the design of the vMBR-BC which contains two inlets for the 
gas and liquid phase, the reactor chamber and the gas and liquid outlets. Additionally, 
several functional elements for online analytics were integrated within the reactor 
chamber, such as a void region for placement of an oxygen sensor spot and gold 
electrodes for retention time measurements (both elements explained and proven 
successful in Chapter 5.2.2). Photonic elements were included in the reactor design 
and allow for the detection of the bubble formation rate (along the x-axis) and the 
biomass growth (along the z-axis). The optical elements are explained in detail in the 
subsection “Integrated Online Analytics and Characterization”. 
The core of the vMBR-BC is the integrated gas nozzle that is placed on the bottom of 
the reactor and permits the formation of bubbles. Double photolithographic processing 
is necessary in order to attain a nozzle height smaller than the reactor height. In 
addition, the two-mask setup includes structuring of a constriction in the liquid outlet 
in order to retain biomass within the reactor chamber. The setup is designed in 
accordance with the standardization schematic for modular LoC systems, which is 
explained in Chapter 8.1. Altogether sixteen different nozzle configurations were 
designed which can be classified as nozzles based on a single gas phase (type A) or 




phase (type B). In the type B nozzle, bubbles are generated as the continuous liquid 
phase disrupts the continuous gas phase resulting in dispersed gas bubbles. Four of the 
developed configurations are schematically depicted in (Figure 5.21(b)). Prior to the 
structuring of the two masks, the implementation of external nozzle elements in the 
vMBR-BC (such as laser perforated needles and porous membranes) had been 
investigated. However, microbubbles were not formed at all within the composite 
nozzle reactors or at least did not reveal stable formation behavior. In contrast to the 
composite technology, the two-mask process design permits batch integration of the 
nozzles in the reactor and was thus favored. 
 
Figure 5.21: Schematics: (a) of the vMBR-BC design with integrated online analytics, (b) variations 
of developed nozzles: single phase nozzle (type A), dual phase nozzle (type B)) 
Procedural Characteristics 
The negative SU-8 mold for the PDMS reactor element featured a first thin layer of 
SU-8 25 (20-50 μm) which was patterned with the nozzle design and the constriction 
element at the liquid outlet. The layer thickness of the second SU-8 50 layer was 
increased from the preliminary value 250 μm (1. generation) to 500 μm 
(2. generation). This increase in layer thickness required an adaptation of the 
processing procedure in order to guarantee the precise development of small structures 
despite the thick layer. The most reliable processing included an initial development of 
the first structure layer and a triple PEB prior to coating of the second layer (via a 
three layer-by-layer spin coating step). Furthermore, an intermediate layer of SU-8 25 
after development of the first layer resulted to be favorable. The detailed process 
parameters for the SU-8 mold of the vMBR-BC are provided in the appendix A. REM 




The glass chips with gold structures were fabricated according to the process plan in 
Chapter 4.2.2. PDMS hydrophilization is indispensable for reliable bubble generation 
in the vMBR-BC. Two hydrophilization procedures were used that are based on 
PEGylation with: (i) PEG-silane in toluene before bonding of the LoC chip and (ii) 
PEG-silane in ethanol for systems that are already bonded. Eventually, the LoC chip 
(Figure 5.22(b)) was integrated into a custom-made adapter (Figure 5.22(c)) which is 
explained in detail in Chapter 8.1. The adapter offers a stable fluidic interface and 
includes connectors for the electrical and optical readout based on the “plug & play”-
principle. 
 
Figure 5.22: (a) SEM micrographs of fabricated nozzle, (b) Photograph of a bonded vMBR-BC, (c) 
Photograph of the vMBR-BC integrated in the custom-made adapter: the chip is 
fluidically and electronically connected to the periphery via connectors 
Hydrodynamic Characterization 
This subsection describes the hydrodynamic characterization of the designed nozzles 
concerning analytical, numerical and experimental results. The following results point 
out the complexity of bubble formation on the microscale which depends on several 
factors: (i) construction parameters (nozzle geometry, surface characteristics of the 
material), (ii) process parameters (gas and liquid flow rates and their ratios, applied 
gas pressure), and (iii) material properties of the fluids (viscosity, density, particle and 
emulgator concentration, surface tension). 
Figure 5.23(a) is an example of the influence of the applied air pressure on the bubble 
diameter – obtained in a reactor system with single phase type A nozzle (reactor height 
of 500 μm, filled with DI water). An increase in air pressure leads to an increase of the 




like shapes as they are larger than the height of the reactor. This result is not 
disadvantageous as long as circulation of the fluid is provided. The large bubbles are 
likely not to contribute to the oxygenation of the medium during cultivation. This does 
not pose a major problem as passive oxygenation can still take place through the gas 
permeable PDMS membrane.  
The bubble characteristics obtained from a dual phase nozzle are plotted in Figure 
5.23(b). Data was obtained with PMMA loaded DI water with 0.05 % emulgator 
(Tween 20, Sigma Aldrich) concentration at constant gas pressure. With increasing 
liquid flow rate the bubble diameter decreased to values below 100 μm. The height of 
the nozzle also affected the bubble diameter. It is evident that smaller bubble sizes can 
be generated in a medium with an emulgator than in a medium without surfactants. 
However, eliminating bubbles out of the top section of the reactor remains a challenge 
with emulgator based medium. The dual phase nozzle generally produced smaller 
bubble diameters compared to the single phase nozzle with similar parameters. There 
is major drawback with configuration B concerning the interdependence of gas and 
liquid flow. The gas-liquid interlinkage is more sensitive to external conditions (e.g. 
changes in air flow). Furthermore, the hydraulic retention time in the reactor depends 
on the gas-liquid correlation and thus reduces the operation flexibility. 
 
Figure 5.23: (a) Bubble diameter versus applied air pressure for single phase nozzle (Design type A, 
2. generation), (b) Bubble diameter versus liquid flow rate for dual phase nozzle 
(Design type B, 1. generation) 
Batch cultivations are not possible in the vMBR-BC with dual phase nozzles. The 
complex influence of different parameters (medium composition and liquid flow rate) 






Figure 5.24: Different bubble formation in relation to the medium composition and the liquid flow 
rate: (1-2) PMMA loaded DI-water wit 0.05% emulgator concentration, (3-5) PMMA 
loaded ethanol 
Bubble formation in ethanol (pictures 3-5) is different than in DI water (pictures 1-2). 
Both mediums were preliminarily loaded with PMMA particles to mimic the cell 
suspension. Furthermore, the bubble size was influenced through the liquid flow rate, 
which can clearly be seen in pictures 3-5.  
During experimentation, the resulting bubble sizes were compared with empirical 
equations from the macroscale (according to Stokes, Davidson & Schüler and 
Mersmann [Bra71]). However, the calculated diameters resulted to be almost one 
order of magnitude higher than those experimentally obtained. This result confirms 
that conditions on the microscale differ from conditions on the macroscale.  
Apart from analytical results, numerical simulation presents a possibility to predict the 
hydrodynamic profile within the vMBR-BC to accelerate design optimization (to 
improve the nozzle design and its performance). Two-dimensional simulations in 
Fluent were executed for a defined reactor chamber of nozzle type B (mesh geometry: 
triangular cells, mesh points = 123700). The obtained fluid profile for ethanol (without 
particles) was compared to the fluid profile extracted from experimental 
characterization via micro particle image velocimetry (μPIV). Simulation and μPIV 
measurements were conducted in close cooperation with the Institut für 
Strömungsmechanik (TU Braunschweig) and the Institut für Strömungsmechanik und 
Aerodynamik (Universität der Bundeswehr München). In Figure 5.25 the fluidic 
profiles that were attained with numerical simulation (top) and experimental μPIV 
measurements (bottom) are illustrated. Both profiles exhibit qualitatively similar 
characteristics with regard to the fluid flow direction. Nevertheless, the quantitative 
comparison is not viable. In order to obtain a more precise numerical result, 3D 
simulations are necessary. Yet, they are also very time-consuming: One week’s time 





Figure 5.25: Comparison of fluid profile of reactor type B (with ethanol) obtained with numerical 
simulation results (top) with μPIV results (bottom): in the bottom section of the reactor 
Integrated Online Analytics and Characterization 
The vMBR-BC includes a high level of integrated online analytics such as electrodes 
for retention time measurements and free space for implementation of the sensor spot. 
As the functionality of those elements was proven (Chapter 5.2.2), in this section 
emphasis is put on two developed optical sensors: (i) an LED-photodetector 
configuration to monitor the bubble formation and stabilization during cultivation and 
(ii) an optical sensor based on fiber optics to detect the biomass concentration. 
Integrated ITO microheaters for temperature stabilization were also fabricated, which 
are characterized later in Chapter 5.4.5. 
Monitoring of Bubble Formation along the x-Axis 
The optical detection setup in order to monitor rising bubbles along the x-axis of the 
reactor is composed of an LED (Everlight 67-21 UWC/S400-XX/TR8) and a 
photodiode (Kingbright / KPS-3227 (2.7 x 3.2 x 1.1)), which were mounted on an 
optical bridge connector (Figure 5.26(a) left). This connector is plugged into the 
adapter as shown in Figure 5.22(c). The light coupling from the optical element to and 
from the reactor is accomplished with lenses that were structured in the PDMS (Figure 
5.26(a) right). The functionality of the sensor configuration was examined for different 




obtained signal from the photodetector for unstable (left) and stable bubble generation 
that results in scattered and homogeneous profile, respectively. 
As the functionality of the inexpensive optical sensor setup was proven, it can also be 
employed to monitor other parameters such as foam production during cultivation.  
 
Figure 5.26: (a) Optical bridge connector with SMD-LED and photodetector (left) and a lens design 
that is patterned in PDMS to couple light from the LED to the reactor and collect the 
light in the photodetector, (b) Voltage signal of the photodetector versus time 
demonstrating unstable (left) and stable (right) bubble formation 
Monitoring of Optical Density along the z-Axis 
The monitoring of OD along the y-axis in the vMBR-BC is only feasible if the bubble 
formation is paused in order to avoid interference of the gas bubbles with the optical 
signal. However, any interaction with the hydrodynamics of the system will affect the 
cultivation stability. Therefore, a detection configuration was developed that allows for 
reliable OD measurements along the z-axis of the reactor (perpendicular to the PDMS 
cover). This configuration allows for implementation at positions void of bubbles and 
only requires a maximal area of 1 mm². Two fiber optics are coupled with the optical 
bridge adapter via a spring (in order to avoid damage of the fragile fiber optics when 
reaching the PDMS cover) (Figure 5.27(a)). Light is coupled in the reactor chamber 
with one fiber and is reflected via a gold mirror that is structured on the glass 
substrate. The reflected light is coupled with the outlet fiber optics that are connected 




according to the standard calibration procedure using PMMA loaded suspensions of 
different concentrations. Figure 5.27(b) shows the resulting calibration curve 
following the Beer-Lambert law with an accuracy of 98 % and an obtained LOD of 
0.113 ± 0.011 g/L (sensitivity of 0.094 ± 0.009 a.u./(g/L)). The results are auspicious 
for online OD measurements for the monitoring of cell growth during cultivation. 
 
Figure 5.27: (a) Photograph of the connector bridge with integrated fiber optics for OD measurement 
along the z-axis, (b) Absorbance versus PMMA particle concentration 
Application 1: Cultivation (Feasibility Study) 
Prior to cultivation, a suitable cultivation setup and protocol were established. The 
fluidic “macro” elements include: a pressure regulating valve for controlled 
pressurized air and two syringe pumps (for medium feeding and inoculation) 
combined with a three-way valve system. In order to monitor the different process 
parameters, the following apparatus were required: two multimeters (for retention 
time), microspectrometer (for OD), LED and photodetector (for bubble formation), 
voltage and current supply (for temperature stabilization (see Chapter 5.4.5)), and 
readout periphery supplied by PreSens (for DO). Monitoring was performed 
automatically via supplied software (e.g. for the microspectrometer) and custom-made 
LabVIEW programs. Photographs of the complete adapter with integrated vMBR-BC 
chip were automatically recorded with a microscopic camera. Initial cultivation tests 
showed a stable performance with regard to hydrodynamics and online monitoring up 
to 12 h. In future investigations, a reliable cultivation performance must be attained 
which is concerned with: (i) long-term stability of hydrophilized PDMS and therefore 
bubble formation, (ii) prevention of cell adhesion to the walls of the system, (iii) 
prevention of cell wash out, and (iv) reliable outgassing in the top section of the 




Conclusion and Perspectives 
From initial characterization, the vMBR-BC with its integrated online analytics results 
to be an auspicious reactor that allows for cultivation in suspension. Nevertheless, the 
complexity of the vMBR-BC – especially with regard to the hydrodynamics (e.g. 
bubble formation) – requires more investigation in the future in order to guarantee 
stable process parameters during cultivation. 
5.4 Extended Integration of Functional Elements 
For today’s biological LoC systems, integration is a key aspect in order to reduce size 
and costs while increasing functionality. From a technological point of view, the 
challenge lies in the combination of different biocompatible materials (heterogeneous 
integration) for advanced integration of the highest available number of functional 
elements. In the following subchapters, the development and characterization of 
flexible sol-gel-emitters – filters based on ink-PDMS composites and doped sol-gel 
glass – as well as sol-gel SWG for bulk functionalization are described. These optical 
elements, that were developed in close cooperation with the CNM (Barcelona, Spain), 
are advances towards true photonic LoC systems. In addition, partial functionalization 
of PDMS with antiseptic nanoparticles and its effect on biological processes is 
presented. The chapter terminates with the fabrication and analysis of integrated ITO 
microheaters for temperature stabilization in MBRs.  
5.4.1 Integration of Flexible Emitters  
The direct integration of a light source into an LoC system would avoid the need to 
couple light through optical fibers and prevent possible errors or response drift due to 
unadequate positioning. One alternative to coupling light at a specific wavelength is 
the use of fluorophores or quantum dots (QD), which are characterized by their light 
re-emission. QDs are nanocrystallites that provide light emission (emission 
wavelength is dependent on the crystal’s size) with a larger Stokes shift than 
fluorophores. The Stokes shift is defined as the difference between the maxima of the 
excitation and emission wavelengths. Another disadvantage of fluorophores is their 
photobleaching tendencies due to photon-induced chemical damage and covalent 
modification which results in the permanent loss of their fluorescence ability. 
Therefore, QDs were utilized in this work for the implementation of emitters. Instead 




to simultaneously couple light of several specific wavelengths at concrete locations 
into the LoC system. Sol-gel glass offers favorable characteristics as a matrix material 
for QDs. Few publications exist where the implementation of QD in a sol-gel matrix 
was realized. Ptatschek et al. explained the integration of semiconductor material 
cadmium selenide (CdSe) QD for 10 μm thin transparent films [Pta97]. Selvan et al. 
[Sel01] tested different buffer solutions and recorded the change of luminescence 
stability of CdSe when compared to CdSe-QD with a zinc sulfide (ZnS) shell. ZnS 
proved to be more stabile and was used by Jasieniak et al. [Jas07] for the fabrication of 
QD doped waveguides. 
Design and Procedural Characteristics 
In order to compare the coupling performance of a QD emitter with standard LED-
light to fiber optics, the existing hMBR-MIR (Chapter 5.2.3) was modified; the 
channel of the inlet fiber optics was replaced by a reservoir with an integrated lens 
structure (Figure 5.28(a)).  
 
Figure 5.28: (a) Schematic and (b) photograph of the modified hMBR-MIR with integrated 
reservoir for QD-sol-gel  
The reservoir was filled with the QD-sol-gel through the inlet filling channel. The sol-
gel composition was based on 615 μL MTMOS, 75 μL PhTMOS, 280 μL TMOS, 
280 μL H2O and 900 μL ethanol with a 10:1 (v:v) sol-gel to QD ratio. Drying of the 
composition took place at room temperature for two days. The QD used were carboxyl 
QD (QSA-620, Ocean NanoTech, Springdale, USA) made of CdSe and shelled with a 
second semiconductor layer of ZnS for improvement of chemical and optical 
properties. These QDs have an emission peak at 620 nm. 
Characterization 
The resulting QD doped sol-gel appears extremely transparent with a slightly reddish 




doped sol-gel emits with a high intensity at red-orange wavelengths (the reactor 
chamber is filled with fluorescein solution for improved viewing of the chip design).  
The functionality of the QD emitter is evaluated through the measurement of the 
absorbance of red light of the cofactor 2,2'-azino-bis(3-ethylbenzothiaszoline-6-
sulfonic) acid (ABTS), which changes its color from transparent to green when 
oxidized. For this purpose, the surface of the chamber of the hMBR-MIR was 
functionalized with the enzyme horseradish peroxidase (HRP), which converts 
peroxide to H2O while converting the ABTS to the green-colored cation radical 
ABTS+. Thus, an increase of converted H2O2 promotes absorption in the red 
wavelength range. More details about enzymatic reactions for use as biosensors are 
presented in Chapter 7. Different concentrations of H2O2 (from 0.095 μM to 97 	M) 
were successively transfered into the reaction chamber. The QD reservoir was 
illuminated from above with a laser diode (Nano250-405, Micos, Germany) which 
emits at 405 nm. Light was collected with a standard multimode optical fiber and 
resulting spectra were monitored with a microspectrometer (HR4000, Ocean Optics, 
Dunedin, USA). The recorded absorbance spectra are plotted in Figure 5.29(a).  
 
Figure 5.29: (a) Absorbance characteristics of the hMBR-MIR with integrated emitter (based on 
QD-sol-gel illuminated at 405 nm) for different H2O2 concentrations, (b) Absorbance 
versus H2O2 concentration at a wavelength of 622 nm  
Two characteristic areas are visible. The first one, at a wavelength of about 405 nm, 
features the excitation wavelength which has not been absorbed by the QDs and 
propagates inside the hMBR-MIR. The second peak around 620 nm corresponds to the 
emitted light of the QDs. It can be observed, that the absorbance increases with 
increasing H2O2 concentration. The maximal absorbance appears at a wavelength of 
622 nm and is plotted versus the concentration (Figure 5.29(b)). A linear fit of R² 




1.57 ± 0.05 	M and a sensitivity of 0.0056 ± 0.0002 a.u./	M. It should be noted that 
the linear fit does not intersect the origin. A slight absorption always takes place at the 
working wavelength due to spontaneous oxidation of the ABTS which results in an 
absorbance larger than zero for the blank solution. In addition, it can be seen that the 
absorbance of emitted light also changes with the H2O2 concentration. This is due to a 
secondary absorption peak of ABTS+ at wavelengths in the blue region, yet it does not 
affect the characteristic red wavelength section. 
Conclusion 
When comparing the results to those obtained from the hMBR-MIR with integrated 
optical fibers (according to [Llo05]: LOD of 2.8 ± 0.4 	M and sensitivity of 
0.024 ± 0.004 a.u./	M), the performance is enhanced with the integration of QDs. 
Therefore, the use of QD is profitable for light coupling of a specific wavelength.  
5.4.2 Integration of Optical Filters  
Amongst the phontonic elements within LoC systems, filters are of key importance in 
fluorescence-based detection, as they allow for discrimination between excitation and 
emission wavelengths. It has been demonstrated that with an accurate design 
multiplexing or filtering capabilities can be transferred to LoC systems, but the 
standard configuration is normally based on either interferometric or absorbance filters 
[Dan07]. Interferometric filters generally consist of a large number of alternated low 
refractive/high refractive index materials. This type of filter has serious drawbacks, 
such as inaccuracies associated with fabrication and incidence angle dependence, 
making them more costly than they appear. Alternatively, absorbance filters are based 
on the absorption of a given range of wavelengths in the presence of an organic 
compound (chromophores) [Cha01] or a bandgap material [Mah04a]. Compared to 
multilayered filters, absorbance filters do not depend on the incidence angle which 
results in a higher error-tolerance during fabrication. Such filters have already been 
used in image sensors, e.g. as color filter coatings for CCD cameras [Gue03]. The first 
steps towards the integration of absorbance-based filters in PDMS-LoC systems for 
fluorescence detection have also been made; Hofmann et al. [Hof06] fabricated a 
PDMS filter doped with the lysochrome dye Sudan II (dissolved in toluene). The dye-
doped PDMS was used in a disposable diagnostic microchip as an optical long-pass 
filter with an absorption wavelength below 500 nm. One other attempt with nonpolar 
as well as polar dyes in PDMS was published by Bliss et al. [Bli08]. However, the 




diffusion to a liquid with a high refractive index. With regard to dyed PDMS filters, it 
has to be assured that the dye used can be dissolved in the PDMS matrix. The doping 
also has to guarantee long-term stability. In preliminary tests, it was shown that the 
PDMS filters modeled after Sudan II (according to Hofmann et al. [Hof06]) revealed 
rapid and strong dye diffusion outside the filtering regions. Therefore, in this work two 
different strategies were considered: the ink-dyed PDMS filters and the polar dye sol-
gel composites, which are presented in the following. Figure 5.30 illustrates the 
qualitative comparison of the diffusion of dye molecules (Sudan II and red Pelikan 
ink) into clear PDMS. 
 
Figure 5.30: Time series images showing the temporal stability of dyed PDMS: (a) with Sudan II 
(according to [Hof06]), (b) with red ink reversibly bonded to bare PDMS 
After 15 h of aging, no observable diffusion occurs with the red ink dyed PDMS (b), 
whereas Sudan II (a) continuously diffuses out of the dyed porous PDMS matrix 
immediately after contact to clean PDMS. The aging test indicates that a further 
optimization of doped filters is necessary. Therefore, the ink dyed PDMS filters were 
analyzed more in detail. 
5.4.2.1 Ink-Dye PDMS Filters 
Design and and Procedural Characteristics 
For the testing of different ink-dyed filters, a special testing chip was developed which 
was made from patterned PDMS bonded to a glass substrate. It consists of a 
continuous filter channel with four sections of different thicknesses (from 100 to 
1000 μm) (Figure 5.31(a)). The compact system design additionally contains channels 
for fiber optics and microlenses (Chapter 5.2.3). To fabricate PDMS filters, 
commercially available ink was added at different ratios to the PDMS oligomer, prior 
to mixing it with the curing agent. It was homogeneously filled inside of the filter 
channel via MIMIC method. Precisely three colors (Pelikan blue: 1 4K 351 213, 




concentrations (0.02, 0.05, 0.1 and 0.2 (v:v)) were tested. As mentioned before, yellow 
ink is not commercially available from Pelikan®. Therefore yellow printer ink from a 
bubble jet printer (Canon BJC-6200) was utilized. Due to the mixing procedure the 
concentration of the yellow dye in the PDMS cannot be indicated. 
 
Figure 5.31: (a) Testing chip composed of a continuous filter channel with varying thicknesses 
(100, 250, 500 and 1000 μm) and channels for positioning of fiber optics, (b) 
Images of the different test designs filled with ink-dye doped PDMS: blue , green, 
red, and yellow  
Characterization 
For the analysis of the different ink-dyed filters which vary in color, thickness and dye 
concentration, (Figure 5.31(b)) the following procedure was performed. The filters 
were scanned using a broadband halogen lamp coupled into the system through a 
multimode optical fiber and collected with another outlet fiber at the opposite of the 
inlet fiber. The used microspectrometer (P.117, STEAG MicroParts, Dortmund, 
Germany) had a spectral resolution of 3 nm and a measured dynamic range of 20 dB. 
An integration time was set to 160 ms throughout the filter characterization. The 
reference was taken with undoped PDMS.  
The key parameters for analysis of filter responses are the rejection levels in the 
stopband and the transmission levels in the passband. The stopband refers to 
wavelengths that are blocked through the filter, whereas the passband includes 
wavelengths that are not allowed through the filter. The transmittance characteristics 
of 250 	m thick PDMS filter colored with blue, green, red at a concentration of 0.1 
(v:v), and yellow ink for a halogen broadband spectra is shown in Figure 5.32(a). 




four dyes. That means, that the filters span most of the visible spectrum. The 
transmittance Ts and Tp vary between -15.1 dB and -12.3 dB in the stopband and 
between -4.0 dB and -2.5 dB in the passband. With the yellow filter that is 250 μm 
thick, Ts and Tp of -4.5 dB and -1.7 dB are obtained, respectively. Secondary stopbands 
can be noticed at low wavelengths and could be due to the ink solvent. The principle 
functionality of using ink-doped PDMS as an optical absorbance filter is thus proven.  
 
Figure 5.32: (a) Transmittance as a function of the wavelength for a 250 μm thick PDMS filter 
containing blue, green, red (at a concentration of 0.1 (v:v)), and yellow dye when 
illuminated using a broadband (halogen) light source, (b) Transmittance characteristics 
of the red dye at a concentration of 0.1 (v:v) for different filter thicknesses 
A more detailed characterization concerning filter thicknesses and dye concentrations 
was performed. In Figure 5.32(b) the transmittance is plotted as a function of the 
wavelength for red dye concentration of 0.1 (v:v) and various filter thicknesses. It can 
be seen that an increase of the filter thickness causes a decrease of transmittance in 
both the stopband (Ts) and the passband (Tp), without influencing the general shape of 
the spectra. The analysis of the total values of these transmittances shows that the 
maximum difference in the relative transmittance of (Ts-Tp) is not at the maximum 
filter thickness of 1000 	m, as it might be expected, but at a thickness of 500 	m. This 
might relate to the dynamic range limit of the experimental setup at 20 dB that is 
reached with large filter thicknesses. The noise during the measurement also goes 
along with this conclusion. Furthermore, it can be observed, that the overall 
transmission of the spectrum decreases with increasing filter thickness. This is 
presumed to result from the scattering effects of the dye-doped PDMS. The 
composition of the Pelikan® ink is not known and therefore the complete dissolving of 




selective wavelength filtering and scattering due to submicron-size particles are 
concerned. Table 5.2 summarizes the obtained values for all four ink-dyed filters.  
Table 5.2:  Spectral properties (Ts, Tp and Ts-Tp) of blue, green, red and yellow ink dye 
(concentration of 0.1 (v:v)) for varying thicknesses, excited with broadband spectra 













100 -4.2 -1.5 -2.7 
250 -15.1 -3.7 -11.4 








100 -5.1 -0.9 -4.2 
250 -12.3 -2.5 -9.8 









100 -3.3 -0.2 -3.1 
250 -13.4 -4.0 -9.4 






100 454 -2.3 661 -0.6 -1.7 
250 483 -4.5 660 -1.7 -2.8 
500 474 -8.5 663 -3.4 -5.1 Yellow 
1000 487 -16.4 664 -6.5 -6.9 
 
Partial Conclusion  
It could be shown, that commercially available blue, green, red and yellow ink dyes 
(Pelikan® and ink from a bubble jet printer Canon BJC-6200) showed filtering 
capabilites without the addition of solvents affecting color robustness or 
biocompatibility. The easy integration and the low associated costs confirm the 
validity of filter applications in disposable LoC systems. A concentration of 0.1 (v:v) 
and thickness of 250 μm resulted in optimal filtering performance. A disadvantage of 
the ink dye doped PDMS is the low Ts-Tp values, which can be related to the fact that 
the ink is not a dye but a pigment (colored particle). Therefore, the scattering aspects 
should also be considered, when evaluating the performance of the proposed filters. 
5.4.2.2 Dye-Doped Sol-Gel  
To overcome the drawbacks of the ink-dyed filter, the idea was developed to 
incorporate polar dyes (such as indicator phenol red) in a sol-gel matrix. This avoids 




biocompatible properties that provide integration within the fluidic chambers. So far 
the development of a filtering application based on sol-gel composites within LoC 
devices has not reported. However, Wang et al. [Wan03] used phenol red doped sol-
gel glass for a gas sensing application, which was concerned with pH change and thus 
a variation in absorbance. The following sections focus on the doping with phenol red 
in order to obtain yellow filters. For fluorescence-based sensing in biological analysis 
(such as cells producing green fluorescent protein [Cha03]), the markers are 
commonly excited with blue light and fluorescence is measured in green or red. To 
absorb the blue excitation light, yellow filters are required. 
Design and Procedural Characteristics 
The used sol-gel composition includes 615 μL MTMOS, 60 μL TMOS, and 75 μL 
PhTMOS mixed with 2750 μL water, which corresponds to a molar ratio of 1:30, 
silanes to water. The water was doped with phenol red at a concentration of 
14·10-4 mol/L. The solution was gently stirred at room temperature for weight loss. 
Preliminary tests were conducted with the composition including ethanol and HCl. 
However, the resulting filters did not exhibit transparent properties, but were turbid. 
Filling was performed via MIMIC method.  
Characterization 
The recorded data of the filter transmittance is shown in Figure 5.33(a) and compared 
to the data obtained for the ink dyed PDMS filter with thicknesses of 250 and 
1000 μm.  
 
Figure 5.33: (a) Transmittance characteristics of phenol red doped sol-gel filters and ink-dyed 
PDMS filters with thicknesses of 250 and 1000 	m that were excited with a broadband 




The graph shows a stopband for the two sol-gel filters in the wavelengths between 
442-497 nm, which is the blue region of the visible light spectrum. This result is very 
auspicious with regard to fluorescence applications. The position of the stopband 
varies with the filter thickness. A second maximum is presented for the sol-gel filter 
with a thickness of 250 	m at a wavelength of approximately 500 nm. The slight 
change of the stopband wavelength might be an effect of different drying 
characteristics due to the varying filter thickness and volume. During curing, the pH of 
the sol-gel could be slightly influenced and thus change the color appearance of phenol 
red inside the sol-gel matrix. This leads to a different wavelength for the absorbance. 
All four filters analyzed show an optimal value of the passband (0 dB) for wavelengths 
higher than 570 nm. The region above this wavelength is relatively flat and does not 
show any changes in the transmittance. As the passband is 0 dB, the values for the 
relative transmittance (Ts-Tp) are equal to those of the stopband. All values for the 
passband, stopband and relative transmittance with the according wavelengths are 
summarized in Table 5.3. 
Table 5.3: Spectral properties (TS, TP and TS-TP) of phenol red doped sol-gel filters for varying 
thicknesses when excited with broadband spectra. 











100 442 -4.2 > 570 0 -4.2 
250 451 -8.0 > 570 0 -8.0 




1000 497 -15.6 > 570 0 -15.6 
 
Conclusion 
The overall filter characteristics represent a remarkable step beyond the Sudan II 
[Hof06] or the Pelikan® and other commercial ink filters previously published. Even 
though the Pelikan® ink filters possessed a stopband up to 26 dB, which is about 
10 dB more than the sol-gel filter, the relative transmittance is higher for the sol-gel 
filters (more than 2 dB higher for a filter thickness of 1000 	m). The sol-gel filters 
have a passband of 0 dB above a wavelength of 570 nm and therefore the stopband 
equals the relative transmittance. This property is very useful for optical filtering, as 
wavelengths in the passband will be uniformly influenced. A higher dye concentration 
in the filters is also possible, as the recorded spectra do not show saturation effect. In 




without influencing the passband region. These results confirm the viability of 
obtaining low cost integrable sol-gel based filters with overall better performance 
compared to those previously presented. However, it should be mentioned, that the 
sol-gel glass used in experiments is a very sensitive material requiring exact 
processing. The preparation and drying conditions largely influence the final 
appearance of the filters. In general, slow preparation and drying is favorable. 
Furthermore, the use of open fluidic structures and drying at 5 °C also produces more 
reliable results without any turbidity in the sol-gel glass. 
5.4.3 Optical Sol-gel-Structures 
As shown in the previous chapter, sol-gel material can be bulk-functionalized with a 
large variety of compounds, in the same way as dyes or nanoparticles. This property 
gives rise to new applications that are not available for integrated SWG made of 
PDMS mentioned in Chapter 5.2.4. An example would be an optical pH sensor based 
on sol-gel that is doped with the indicator phenol red. This sensor could be integrated 
within the MBR allowing for online pH monitoring. The goal would then be to 
optimize the fabrication process of sol-gel SWGs. However, the integration of sol-gel 
SWGs within a PDMS-glass LoC requires a preliminary process step (sol-gel 
structuring on the glass substrate) before the final bonding of the PDMS top with the 
glass substrate. The challenge lies in the optimization of the sol-gel structuring method 
to obtain transparent SWGs for use in optical analysis. The general working principle 
of SWG has been explained in Chapter 5.2.4.  
Design and Procedural Characteristics 
Different methods were analyzed, beginning with the “Micro Transfer Molding”-
technique (μTM) where the sol-gel solution was poured into the corresponding PDMS 
molding form and pressed against the glass substrate. The main disadvantage is that a 
thin sol-gel layer remains distributed over the entire glass substrate, which can 
interfere with existing gold-structured electrodes on the glass substrate. Fernández-
Sánchez et al. [Fer08] reported on the realization of patterned sol-gel (70 μm in 
height) via μ-TM. As the developed hMBRs and vMBRs feature a total height of 
230 μm, this higher dimension posed a challenge in technology optimization in an 
effort to obtain transparent segments (volume of 320 x 200 x 230 μm³). Besides μTM, 
the MIMIC method was also tested which is based on capillary forces for filling. This 
method requires filling channels in between the segments for continuous filling. The 




designs of filling channel structures (zigzag, serpentine and area-wide) were developed 
and tested with respect to the following requirements: having less influence on light 
propagation between the SWG, but still guaranteeing proper filling between each 
SWG (Figure 5.35(a)). Finally, a third method was developed using open fluidic-
structured PDMS as molding structure. This mold was produced either by the double 
sided molding apparatus (zero gap molding) or by spin-coating PDMS on the negative 
SU-8 master. The composition of all sol-gel samples utilized for the SWG consisted of 
615 μL MTMOS, 60 μL TMOS, 75 μL PhTMOS, and 2750 μL water. In order to 
optimize of the fabrication method, the indicatior phenol red was initially omitted. The 
chemicals were mixed through constant agitation until the desired weight loss was 
obtained and then filled in the according PDMS negative molding forms.  
Characterization 
With the μTM method, 230 μm segmented waveguides were fabricated and showed 
complete transparency. This result is very promising, as its is more than three times 
higher in height than the structures presented in [Fer08]. The optical waveguide 
performance was evaluated by near-field reconstruction of light propagating through 
the sol-gel SWG (Figure 5.34) and recorded by a CCD camera.  
 
Figure 5.34: Near-field reconstruction obtained with CCD camera showing light propagating 
through the sol-gel SWG, fabricated by μ-TM with 20 μm filling channel: in air (a), in 
water (b) 
The results demonstrate light confinement within the segments of the sol-gel 
waveguide. It can be seen, for a fixed integration time, there is a dramatic increase of 
the light propagating in the SWG when the media between pillars is exchanged from 
air (a) to water (b). As previously mentioned, this is caused by the decrease of Fresnel 




accordance with the highly-multimodal behavior of the defined waveguides. Although 
the optical performance of sol-gel SWGs could be validated, the main drawback of the 
μTM method is the remaining thin layer of sol-gel on the glass substrate, which 
inactivates electrical performance of any implemented electrode structures on the 
microchip. Therefore, the μTM method was replaced with the MIMIC process. 
Structuring of the SWG with MIMIC method was possible, however not at all 
reproducible. The molding was successful for only one single experiment: SEM 
pictures were taken of this sample as illustrated in (Figure 5.35(b)). Although the 
problem of remaining thin films was solved with MIMIC method, MIMIC has the 
disadvantage of uncontrollable complexity associated with the weight losses of the sol-
gel and the capillary effects when filling the channels. In contrast to MIMIC, the 
method based on open fluidics seemed to be quite promising. The successful 
fabrication of segmented sol-gel structures of same height is pointed out in Figure 
5.35(c). Fabrication was executed using a spin-coated open fluidic PDMS-mold. The 
individual segments were filled with the sol-gel solution, driven by capillary action in 
the smaller connection channels. In order to avoid significant deformation of the sol-
gel material during drying and aging, the open top of the PDMS-mold was covered 
with a thin, planar layer of PDMS. The resulting structures were transparent and 
completely molded, resulting in cubic SWGs ((c) bottom).  
 
Figure 5.35: (a) Sol-gel structures with different filling channel geometries (20 μm in height) and 
equal SWG volumes, (b) SEM of sol-gel SWG via MIMIC method, (c) Angular view 
of sol-gel SWG with optimized open fluidic molding method covered/uncovered with 
PDMS during drying process 
Conclusion and Perspectives 
Sol-gel based SWG were realized, creating new applications for the integration in LoC 




Furthermore, the results present promising perspectives for use as microfluidic 
biosensors with implemented enzyme-doped hybrid sol-gel materials. This is currently 
under further investigation. 
5.4.4 Antiseptic Biodevices via Locally Structured PDMS-Composites  
As previously explained PDMS presents an attractive polymeric matrix material for 
the development of nanoparticle composites used for different applications 
(Chapter 4.3.1). At this point, only a few research groups have developed 
nanocomposites based on PDMS. Besides applications that ameliorate the thermal, 
mechanical or optical characteristics [Niu07, Wil05, Hop08] via integration of 
nanoparticles, another interesting use includes the production of antiseptic materials 
for medical applications, such as the development of implantable devices [Fur04] or 
long-term cultivations to avoid cell growing at undesired locations. The antiseptic 
effect of silver ions on microorganisms is linked to the strong interactions of ionic 
silver with thiol groups of vital enzymes which inactivates them. In this way, the 
concentrations of the metallic ions can be adapted for the therapeutic window which is 
defined as the range of concentrations in which an overall beneficial effect is achieved 
[Uhr99]. Concentrations lower than those in the therapeutic window have no effect on 
the environment e.g. on microorganisms, whereas higher concentrations are cytotoxic 
for the surrounding tissue/cells. The release of metallic ions from nanocomposites is 
based on the degradation of nanoparticles in contact with water molecules and the 
diffusion of the ions into the media. In comparison to surface functionalization, the 
incorporation of nanoparticles in bulk guarantees a long-term antiseptic effect due to 
the fact that the bulk phase serves as a reservoir. This reservoir leads to continuous ion 
diffusion along the concentration gradient to the surface of the bulk material where the 
ions are released in the media. Hence, for long-term applications with a constant ion 
demand, bulk functionalization could be the most suitable method. 
In cooperation with the Laser Zentrum Hannover, a fabrication method was developed 
to homogeneously distribute nanoparticles in a PDMS matrix by preventing 
agglomeration. Via the fs-laser ablation method [Hah09], the generation of copper 
(Cu) and silver (Ar)-nanoparticles was obtained through in-situ conjugated with 
PDMS oligomer. Process technologies were developed in order to fabricate 
nanoparticle-PDMS-composites of defined thicknesses for a controlled release of 
metallic ions. Furthermore, a process of partial structuring at locally defined positions 




incorporation at concrete positions in the microdevice where nanocomposites are 
required. This point is of extreme importance, as it reduces the overall fabrication 
costs to a minimum, by using the comparatively expensive nanocomposites only where 
required. 
Design and Procedural Characteristics 
Silver and copper were used as targets to fabricate the nanoparticle composites. They 
were placed in a reservoir of organic polar media (ethyl acetate) doped with a PDMS 
oligomer which enhances the stability and in-situ conjugation of the generated 
nanoparticles against agglomeration. A laser beam (pulse duration: 120 fs, wavelength: 
800 nm, average power: 2.5 W; repetition rate: 5 kHz) is guided along the surface of 
the material and causes an ablation of the material with a primary particle size in the 
range of 3 to 50 nm. The colloidal solution is mixed with new siloxane oligomer and 
the solvent is evaporated in a vacuum. This nanoparticle-oligomer suspension is 
further used for the fabrication of the simple, horizontal MBRs containing an oval 
chamber (volume of 25 μL) with fluidic inlet and outlets. Two different MBRs were 
fabricated via standard UV-depth lithography and modified soft lithographic 
procedures as described in the following: (1) completely structured MBR (hMBR-cs) 
and (2) partially structured MBR (hMBR-ps) (Figure 5.36).  
 
Figure 5.36: Schematics and photographs of hMBR-cs (a) and hMBR-ps (b) based on Ag-PDMS-
composite and Cu-PDMS-composite, respectively 
The hMBR-cs consists of a nanoparticle-PDMS-nanocomposite cover with a defined 
chamber thickness formed with the double-sided molding apparatus. The PDMS cover, 
which is bonded to a pure PDMS bottom, was filled entirely with nanoparticles in 




homogeneous suspension of nanoparticle-composites within the PDMS was developed 
that features a solid particle loading up to 0.05 wt% with the same characteristics as 
pure PDMS, enabling post processing steps, such as bonding. 
In comparison to the hMBR-cs, the hMBR-ps features nanoparticles of arbitrary shape 
and defined height only at defined positions. A special process plan was developed for 
the local integration of nanoparticles in the hMBR-ps via open microfluidics. A master 
mold (gold sputtered glass used as substrate) is produced through the spin-coating of 
AZ 9260. A triple coating step resulted in a total layer thickness of 140 μm. After 
exposure and development, the nanoparticle-PDMS-oligomer was mixed with the 
curing agent and poured on the AZ-master. The PDMS membrane on top of the AZ 
molding form was removed as much as possible with a scraper before curing. The 
remaining membrane on the AZ-mold was then wet-chemically etched (etch rates of 
15 μm/min) in a solution of tetrabutylammoniumfluorid and 1-methylpyrrolidinon 
(ABCR, Germany) at a ratio of 1:6, respectively. After, the AZ-moulding form was 
stripped with ethanol. In order to achieve covalent bonding of the nanoparticle-PDMS-
composites with the pure PDMS, the wafer was activated in oxygen plasma before 
pouring of the pure PDMS. This PDMS bottom with partially integrated nanoparticles 
was finally bonded to a pure PDMS cover with integrated chamber. Figure 5.36(b) 
demonstrates an example of an hMBR-ps with homogeneously integrated copper 
nanoparticles. The chosen functionalized stripes, as arbitrary structures, have a height 
of 140 μm and feature a clear definition which validates the developed technology.  
Characterization: Antiseptic Effect for Cultivation with S. cerevisiae 
In preliminary biological tests, an antiseptic but not an anti-toxic characteristic of the 
integrated nanoparticle-PDMS-composite was observed for cultivations with 
S. cerevisiae. The tests were conducted together with the Institut für 
Bioverfahrenstechnik, TU Braunschweig. Initially, cell viability in solution was tested 
in 96-microwell plates G080-F (Kisker) in the presence of PDMS pads with different, 
completely embedded nanoparticle concentrations (Cu, Ag of 0.001, 0.003 and 
0.006 w/w%) that were fixed at the cavity bottoms (300 μm thickness). The cell 
viability during the 24 h cultivation at 30 °C was determined via the fluorescence 
based LIVE/DEAD viability kit (Invitrogen) and by reading fluorescence with 
Fluoroskan Ascent 374 (Thermo). The advantage of microwell plates is the high SVR. 
The toxic ion release of nanoparticles in the surrounding growth medium would show 




in the microbial growth of the suspension could be noted. Due to this result, the used 
nanoparticle concentrations seemed to be non-toxic in the growth medium. Secondly, 
continuous cultivations (but adhesive growth) were carried out in hMBR-cs for 24 h to 
achieve a higher SVR. This allows for the detection of antiseptic PDMS surfaces as 
well as cell viability at the pure PDMS bottom of the MBR. 
In Figure 5.37 the microbial growth on different surfaces of the hMBR-gs is shown by 
comparing the pure PDMS and the PDMS with embedded nanoparticles of Cu and Ag 
(0.05 wt%). Both nanoparticle implementations demonstrate antiseptic effects on 
growth at the PDMS surface with embedded Cu and Ag. The number of adhered cells 
was reduced from 2,600 to 1,100 cells per mm2 when nanoparticles (Ag, Cu) were 
embedded into the PDMS matrix – compared to the pure PDMS cover. In contrast to 
PDMS without nanoparticles as well as that with embedded Cu-nanoparticles, the 
growth at the pure PDMS bottom of the hMBR-gs with embedded Ag-nanoparticles 
showed a reduced cell count of about 75 % to 37,500 cells per mm2. This demonstrates 
the toxic effect of Ag ions released from Ag-nanoparticles on growth medium 
resulting in a reduced microbial growth. For this reason, copper seems to be better 
suited for antiseptic nanoparticle surfaces in that it displays no toxic effects on the 
surrounding medium. 
 
Figure 5.37. Comparison of microbial growth on different surfaces in hMBR-cs after 24 h of 
cultivation with nanoparticle (Ag and Cu) concentrations of 0.05 wt% and with bare 
PDMS 
Conclusion 
In conclusion, a reliable process technology was developped to integrate surface-active 




but defined thickness. In first biological tests an antiseptic, but not antitoxic behavior 
was observed for cultivations with yeast cells which makes these composites 
promising e.g. for implants. However, it has to be mentioned, that this 
functionalization procedure was not directly applied to the MBRs described in 
Chapters 5.2 and 5.3 as maximal cultivation times were only around 48 h. 
5.4.5 Integrated ITO-Heater for Temperature Stabilization 
One important requirement during cultivation is a defined constant temperature of the 
culture medium. Schäpper et al. [Sch09] reviewed the different engineering solutions 
for temperature stabilization and control within MBRs. The majority of presented 
heating systems are integrated on the exterior of the reactor and function via a 
temperature controlled incubator [vLe09] or a thermostated water bath. The main 
drawback of this design is its limitations in the parallel operation mode with MBRs at 
various temperatures which are necessary for HTP screening. Temperature 
stabilization can also be accomplished with commercially available microfoil heaters 
[Lee06a]. A few integrated microheaters have been presented that were 
microtechnologically fabricated and directly implemented in the MBR chip. 
Yamatatoto et al. [Yam02] used ITO heating structures for cell-free protein synthesis. 
Two electrode heaters were embedded into the side walls of the reaction chamber to 
obtain a uniform heat distribution by Petronis et al. [Pet06]. Having an integrated 
heater in the MBR setup is by far the most preferable method of temperature control 
during cultivation, as it is simple, cheap, non-bulky and allows for parallel operation at 
different temperatures. Furthermore, it provides for quick response times and can also 
be used for quenching at high temperatures in order to rapidly deactivate biological 
material. 
Design and Procedural Characteristics 
The microtechnologically fabricated microheaters consist of resistors that were 
fabricated with ITO thin film structures (Chapter 4.5.2). The resistance R of a 
conductor path is calculated according to Eq 5.6 with the specific resistance  of the 








The electrical power P is a function of the supply voltage U and the supply current I 
and is defined as follows 
RI=UI=P 2  (Eq 5.7) 
Two types of microheaters were developed in this work: a heater based on a serial and 
on a parallel arrangement (Figure 5.38). The reactor chamber of the vMBR-BC 
represents the basis for the designed heating structures. Once the feasibility of the ITO 
microheater is proven, the design and process can be easily adapted to any MBR 
system developed in this work. The serial design provides a more homogeneous heat 
distribution within the chamber compared to the parallel system, as current is forced to 
completely pass through the structured conductive path. Furthermore, this structure 
design permits high flexibility and can be easily adapted to other integrated online 
analytics (e.g. sensor spots) within the MBR. The microheater in parallel does not 
provide a homogeneous heat supply unless all the parallel conductive paths feature 
equal design parameters concerning layer height, thickness and specific resistance. 
This is rather difficult to obtain in microctechnological processes where over-etching 
and inhomogeneous sputtered layers may occur. As the necessary heating voltage 
depends on the resistance of the heating structure and therefore on the dimensions of 
the conducting path; it is expected that shorter, parallel heating resistors will require 
lower voltages. 
 
Figure 5.38: Schematics of vMBR-BC with integrated microheater arranged in serial (a) and in 
parallel (b) 
In the following, the procedural characteristics of the structured ITO microheaters are 




a layer thickness of 80 nm (240 s sputter time) was chosen for the structuring of the 
microheaters due to its favorable transparent characteristics. After photolithography 
and etching of the ITO conductors in HCl, a chromium-gold layer was sputter 
deposited and photolithographically structured to form pads for contacting the 
periphery. As shown from preliminary results and calculations, ITO material featured 
specific resistivities that were too high to allow for sufficient heating power when 
using supply voltages below 1 V. Therefore, a reliable isolation layer was required to 
prevent the water from electrolytic decomposition and thus the heating structures from 
erosion. PECVD deposition of silicon nitride at 350 °C was performed and resulted in 
isolation layers of approximately 150 nm. The silicon nitride layer above the gold 
contact pads was finally plasma-etched in a tetrafluoromethane-oxygen atmosphere.  
Characterization of Heating Performance 
Thermal distribution patterns and thus the heating performance of the fabricated 
microheater structures were examined by monitoring heat images that were taken with 
a thermo infrared camera (THV550, Flir Thermovision, Frankfurt, Germany). Initial 
tests of annealed microstructures without additional isolation layer were performed 
with air. It can be observed (Figure 5.39(a)), that the parallel heating resistor reaches 
temperatures of 70 °C at a 19 V supply voltage. The serial microheater (even for the 
largest cross section area A possible with respect to the vMBR-BC design) does not 
show a significant temperature increase with an identical voltage supply. This result 
can be associated with the difference in resistance between parallel 
(R = 394 , U = 19 V, P = 0.88 W) and serial configurations (R = 9531 , U = 19 V, 
P = 0.04 W). Therefore, the parallel heaters were selected for further analysis with 
water. Figure 5.39(b) demonstrates the temperature increase of ca. 50 μL water as a 
function of the required heating power obtained with a parallel microheater. A water 
temperature of more than 50 °C can be attained with a supply voltage of 5.8 V and a 
heating power less than 1 W. The rather low heating voltage – compared to the first 
described heaters in air – goes along with the decrease in resistance that is of about one 
order of magnitude. This effect is presumed to result from the nitrogen present during 
silicon nitride deposition. Weitjens et al. [Wei91] also reported on a resistivity 
decrease for ITO samples that were annealed in nitrogen atmosphere. In addition to the 
thermal characteristics of the heater, the effect of silicon nitride isolation on the overall 
transparency of the glass chip was analyzed. Figure 5.40(a) illustrates the 
transmittance as a function of the wavelength for ITO samples with silicon nitride 





Figure 5.39: (a) Temperature versus supply voltage for microheater in serial and in parallel analyzed 
in air, (b) Temperature of water versus required heating power for isolated (silicon 
nitride) microheater in parallel 
The overall transmission is slightly reduced after isolation deposition. Yet, in the red 
wavelength region, transparency over 90% is provided. Figure 5.40(b) shows an image 
of the bonded hMBR-BC with integrated parallel microheater isolated with silicon 
nitride; bonding quality is very reliable. 
 
Figure 5.40: (a) Transmittance versus wavelength of ITO layer (80 nm thickness) with silicon nitride 
isolation layer and without, (b) Image of the vMBR-BC: PDMS layer is bonded with the 
ITO-gold structured substrate which is isolated with silicon nitride 
Conclusion 
In summary, parallel ITO heating structures that are preliminarily isolated with silicon 
nitride permit sufficient temperature stabilization in MBRs. The next step is to include 
a suitable integrated temperature sensor configuration in order to accomplish – besides 
temperature stabilization – an exact temperature control within the MBRs. 
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6 Auxiliary Microfluidic Systems 
Auxiliary microfluidic systems are indispensable within the biological LoC platform, 
for sampling culture medium from the MBR, filtration and transportation to the 
biosensor. A lot of research has been performed in this area especially with regard to 
microvalves and micropumps. The development of these elements dominated the early 
stage of microfluidics in the late 1980s [Ngu06]. The goal of this work is to develop 
auxiliary systems that can be integrated within the LoC platform and fulfill the low-
cost and uncomplicated fabrication requirements (same layer setup as the MBR and 
the biosensor). The following subchapters include design, fabrication procedure and 
characterization of different passive and active microvalves, PZT- and pneumatically 
actuated micropumps, and microseparators based on filtration principle as well as 
micromixers. 
6.1 Microvalves  
Microvalves can be classified into two groups: passive and active valves. Passive 
valves can be divided into mechanical (check valves) and non-mechanical valves (e.g. 
nozzle/diffuser). In contrast, active valves induce opening and closing movements with 
an integrated actuator source. This source is grouped into mechanical (magnetic, 
electrical, piezoelectric, thermal, bistable), non-mechanical (electrochemical, phase 
change, rheological) or external valves (modular or pneumatic). In 2006, Oh et al. 
[Oh06] reviewed the existing microvalves.  
6.1.1 Passive Check Valves 
With regard to the implementation of passive valves in micropumps that are based on a 
moving membrane, several designs have been presented by different groups: 
nozzle/diffuser [Kim05, Gen06], throttle [Joh05], and tesla valve [Mor03]. 
Functionality of these valves is based on pressure difference. Another possibility is the 
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integration of PDMS flaps that are attached to the PDMS ceiling along the vertical axis 
as presented by Loverich et al. [Lov07]. The advantage of these passive check valves 
compared to geometry-based passive valves is their higher valve performance with 
regard to diodicity. Microfluidic diodicity D is calculated either from the ratio of 
pressure drop in the reverse flow direction to the flow in the forward direction for a 
given flow rate [Lov06] or according to Eq 6.1: from the ratio of the flow rate in 







D for p = const. (Eq 6.1) 
When dealing with particulate fluids, the design of passive check valves has to be 
carefully considered to avoid particle blockage. 
Design and Procedural Characteristics 
Figure 6.1(a) illustrates three different passive check valves that were developed: a 
single PDMS flap which is fixed to the ceiling of the channel (1) and designs based on 
concave (2) and convex (3) PDMS lips. 
 
Figure 6.1: Check valve configurations with dimensions in μm: single flap (1), concave lips (2), 
convex lips (3) 
Design (1) is similar to the configuration presented by [Lov07], whereas designs (2) 
and (3) are presented for the first time. The lips of these valves are fixed at two 
locations to the PDMS: ceiling and wall of the microchannel. The two mirrored valve 
lips are separated from each other with a 10 μm air gap resulting in minimal leakage. 
The passive valve structures were fabricated via single mask lithography (appendix A) 
and feature a height of 230 μm. The patterned PDMS was covalently bonded to a glass 
substrate, which was preliminarily structured with gold pads at the positions of the 
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check valves (Figure 6.1(b)). The gold pads avoid covalent attachment of the PDMS 
valves (which feature the same height as the channel due to monolithographic 
structuring) to the glass bottom during the bonding process. This ensures the mobility 
of the valves with a minimum leakage gap between the valve and the bottom. The flap 
valve designed by Loverich et al. [Lov07] was based on a double lithographic step 
featuring a gap of 2 μm between valve and glass bottom. 
Characterization  
To evaluate the functionality of the different check valves, the flow in forward and 
reverse directions was measured as a function of constant backpressure. DI-water was 
used for all measurements. Backpressure was defined with a water column connected 
to either inlet or outlet channel. The flow rate was determined by scaling the out-
flowing water for a defined time interval. Figure 6.2(a) illustrates the different flow 
rates in the forward (+) and reverse (-) direction for backpressures up to 300 mbar.  
 
Figure 6.2: (a) Flow rate versus backpressure in positive (+) and negative (-) direction for the three 
check valves, (b) Calculated diodicity versus backpressure, (c) Photographs of designs 
(2) and (3) in neutral, open and closed mode 
The higher the gap between Qr and Qf for one defined pressure, the better the 
performance of the check valve. The values presented are the averages of three 
measurements with an average deviation of 4 % (deviations bars not shown for 
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clarity). From these values the diodicity was calculated according to Eq. 6.1 and 
plotted in Figure 6.2(b). All valve designs show a diodicity higher than 1 proving their 
ability to function as a check valve. While the concave check valve (2) features a 
stable diodicity value over the entire pressure range between 1.14 and 1.54, the convex 
valve is preferable for backpressures smaller than 150 mbar attaining diodicities 
between 4.16 and 5.77. For pressures higher than 150 mbar diodicity, the convex valve 
is almost double as high as the concave design. This result was visually confirmed 
during the experiment: the concave valve design was bent backwards in the backflow 
mode at high backpressures, whereas the shape of the convex lips could withstand the 
backpressure, resulting in lower flow rates in the reverse direction. From the diodicity 
analysis, the convex design seems to be a favorable check valve for a wide range of 
backpressures, whereas the flap valve only shows high diodicity (6.49) for low 
backpressures (50 mbar). The disadvantage of the flap design is its high pressure 
losses resulting from the change in channel width in front of and behind the valve, 
which are avoided with design (2) and (3). 
In summary, valve design (3) appears to be the most suitable for integration in PDMS 
micropumps, at least for the static case. How the valve performance is influenced in 
the dynamic state (during pumping) is explained in Chapter 6.2.1. Figure 6.2(c) 
demonstrates the different valve modes (neutral, open and closed) for the concave (2) 
and convex (3) valve.  
6.1.2 Active Pneumatic Valves  
Active valves can be classified according to their initial mode: normally open, 
normally closed or bistable. Active valves commonly consist of a membrane or flap 
that can be deflected. The active microvalve design demonstrated here is based on an 
external, pneumatic actuation. The advantages of this approach  as compared to 
thermally actuated systems  are its rapid response time and temperature stable 
actuation, which is important for biological applications. Inman et al. [Inm07] and 
Huang et al. [Hua07] presented an external active microvalve with pneumatic actuator 
that opens or closes the valve with vacuum or overpressure via a raised or lowered 
membrane, respectively. The drawback of deflected ceiling membranes for blocking of 
the channel is the dependency on channel height, which can lead to the requirement of 
large membrane areas for proper closing (Huang et al. e.g. closed channels of 100 μm 
in height with a membrane area of 4.5 x 2.5 mm²). Lee et al. [Lee06c] also developed 
a microvalve actuated with external air pressure. No leakage occurred with an applied 
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air pressure of 3500 mbar for liquid injection pressure in the microchannel of 100-
400 mbar. A PDMS-based gas purge valve based on a three-layer configuration was 
documented by Chuang et al. [Chu09]. It comprises a top layer for fluid channels, a 
membrane, and a bottom layer for gas channels. The valves can withstand pressure of 
approximately 55 mbar. The microvalve explained in the following is based on 
monolithically integrated valve lips that allow for blockage of channels with large 
heights. 
Design and Procedural Characteristics 
The schematic design of the active microvalve is demonstrated in Figure 6.3(a). In 
order to avoid dead volume, the valve lip is monolithically integrated in-plane and 
consists of a ring-shape structure in the first PDMS layer. This layer is 230 μm in 
height and includes the fluid inlet and outlet as well as one inlet allowing for 
pressurized air. The second layer of PDMS serves as the pneumatic actuation and 
includes a chamber (230 μm in height) that is adjusted over the valve design.  
 
Figure 6.3: (a) Schematic design (layer setup) of the pneumatically actuated active valve with 
different dimensions (pneumatic air chamber of 1 mm (1), 2.5 mm (2) and 3.5 mm (3) 
in diameter), (b) Photographs of the active valves 
The air channel of the first PDMS layer is connected to the second layer with a 
punched hole that serves as the interface between both levels. In doing so, all fluidic 
interfaces can be assembled in the same plane. In order to avoid the sticking of the 
PDMS lip ring to the glass, the chip’s glass bottom is structured with gold pads. In the 
case of normal pressure, a gap between the PDMS lip and the anti-stick gold pad 
provokes the passing of the fluid which can be increased through the application of 
vacuum to the pneumatic chamber. Otherwise, air pressure presses the PDMS ring lip 
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against the anti-stick gold pad and blocks the channel (closed mode). For the double 
patterned PDMS layer setup, two different fabrication processes were utilized. The 
first fabrication method included the separate molding of both PDMS layers (first and 
second) and the subsequent bonding. The membrane thickness of the first PDMS layer 
was defined with the double-sided molding apparatus. For the second method, the 
double-sided molding apparatus was used in order to simultaneously structure PDMS 
on both sides. A negative PDMS molding form was produced which features the 
pneumatic chamber structures. This molding structure was aligned with the SU-8 
master of the first PDMS layer and set to a concrete membrane thickness. The 
resulting open pneumatic chamber was bonded to a glass chip (Chapter 4.3.2.4). The 
valves analyzed in the following were fabricated with the separate molding procedure 
(Figure 6.3(b)). For making the system more robust, the pneumatic chamber was 
additionally covered with a glass slice.  
Characterization 
The characterization of the fabricated active valves included the attained flow rates for 
normal pressure mode, the required closing pressure as well as the obtained flow rates 
for the vacuum mode. In addition, the effect of the membrane thickness between the 
first and second layer was analyzed. All the tests were conducted with DI-water with 
maximal backpressure set at 234 mbar. Positive and negative pressure was applied 
with a self-made apparatus [Hox10] containing proportional valves and vacuum 
generator. Figure 6.4(a) demonstrates the required closing pressures for a selection of 
valves tested. It can be seen, that a larger valve design (2 and 3) provides a closed 
mode with a positive pressure of approximately 300 mbar. This is one tenth of the 
value that was reported by [Lee06c] for similar backpressure. The smaller valve (1) 
completely closes at 498 mbar and 973 mbar for a membrane thickness of 100 μm and 
300 μm respectively. The difference in the required air pressure for closing can be 
related to the smaller valve lip of design (1) when compared to (2) and (3) (which 
feature identical lip’s width). The effect of the membrane thickness is also more 
dominant for the smaller design (1). For a tripled membrane thickness (300 μm) the 
applied pneumatic pressure has to be doubled. An active valve (1) with 600 μm 
membrane was not able to be closed with a positive pressure of 1300 mbar. 
Characteristic flow rates for different actuator states can be extracted from Figure 
6.4(b). It can be observed, that the flow rate for normal pressure mode (atmospheric 
pressure) for valve design (1) is 349-483 μL/min which is generally smaller than 
design (2) and (3) (ranging between 769 and 881 μL/min). When the supply of the 
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external pressurized air is switched off in the closed mode, the valve re-opens and 
fluid flow re-occurs. However, the flow rate decreases for valves (2) and (3) in the 
normal mode following the closed mode: flow rates of approximately one third of the 
initial flow rate are obtained. The result can be linked to the fact, that after the positive 
pressure mode, the larger valve lips stick to the gold pad. This behavior was also 
observed during the experiment, as it took approximately 10 s for the flow rate to be 
achieved after closing. With respect to the smaller valve lip (1), this effect is not as 
visible which could be related to the smaller area of the sealing lip. The flow rate can 
be increased when vacuum is applied to the air chamber, although this increase is 
limited. It was discovered, that vacuum pressure of 75 mbar provides maximal flow 
rates with stable robustness of the valve. For higher negative pressure (equal to 
vacuum), damage of the PDMS-glass-bonds is more likely to occur. 
 
Figure 6.4: (a) Required closing pressure for active valve designs (1), (2) and (3), (b) Flow rate 
characteristics for different valve designs and membrane thicknesses in normal mode 
(before and after closing) and with negative pressure of 74 mbar 
In conclusion, the proposed active valves showed successful performance with regard 
to the closing and opening of microchannels. The smaller valve design should be 
favored for applications involving very dense LoC platforms because of the low 
required area and the small dead volume. In an effort to achieve a reliable operation 
mode of valve (1), the membrane should not be thicker than 200 μm. In addition, to 
provide for a rapid valve actuation response time, positive and negative pressure has to 
be assured. Operation parameters of the active valve used must certainly be set 
individually for each required application.  
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6.1.3 Three-Way Valve  
In continuous cultivation, analysis of the supernatant should be performed at distinct 
time intervals. Therefore, a three-way valve design is required, which is integrated in 
the outlet of the MBR, guiding the out-flowing culture medium either to the biosensor 
for sample analysis or directly to waste. 
Design and Procedural Characteristics 
One design option for a three-way valve element is illustrated in Figure 6.5(a). It 
includes one passive check valve (PV) and two pneumatic active valves (AV) (design 
(2)): AVA leading to the biosensor for analysis, AVw directing to the waste. The 
passive valve is integrated in the inlet channel to avoid backflow into the MBR. The 
fabrication procedure is identical to the process used for the active valve. An image of 
the produced system is shown in Figure 6.5(b). 
 
Figure 6.5: (a) Schematic and (b) photograph of the three-way valve design containing one passive 
check valve (design (2)) and two pneumatic active valves (2): AVA leading to the 
biosensor for analysis, AVw directing to the waste, (c) Three-way valve in various 
operation conditions 
Characterization 
The three-way valve produced was tested qualitatively using the obtained positive and 
negative pressure values from the individual analysis of the active valves in 
Chapter 6.1.2. Experiments were conducted with blue-dyed DI-water. Figure 6.5(c) 
shows the successful control of the fluid being directed to the waste outlet and leading 
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towards the biosensor, when AVA and AVw are actuated, respectively. As previously 
described, this setup can be minimized when using the passive valve design (1). 
6.2 Micropumps  
Various reviews on micropumps highlight the great research and development in the 
field. Amirouche et al. [Ami09] recently reported on the important development of 
micropumps for biomedical applications. Furthermore, Nisar et al. [Nis08] overviewed 
the progress on the development of micropumps and their applications in drug delivery 
and biomedical applications (μTAS and LoCs). Micropumps can be categorized – 
based on the principle by which actuation energy is obtained to drive fluid flow – as 
non-mechanical or mechanical. In the latter the fluid is mechanically displaced (e.g. a 
peristaltic pump or a membrane pump), whereas in non-mechanical micropumps 
driving forces directly affect on the fluid (e.g. electrodynamic or electroosmotic 
pumps). Although a lot of progress has been made in micropump research and the 
performance of micropumps has continuously increased, there is still a lot of room to 
incorporate various categories of micropumps into practical LoC systems.  
The micropumps engineered in this thesis are based on mechanically deflected 
membranes. Due to the incompressibility of liquids, the deflection of the membrane 
resulting in an increase of the pump chamber volume causes an aspiration of the 
liquid. A deflection of the membrane in the opposite direction results in a displacement 
of the liquid. The implementation of two passive check valves within those types of 
micropumps is indispensable in order to confer a defined direction to the liquid flow 
profile during aspiration and displacement. In the following, two different membrane 
pumps will be presented that utilize either a piezo-electric transducer (PZT) or a 
pneumatic actuator. Both pump types have in common the monolithical integration of 
the passive valve designs, which are explained in Chapter 6.1.1. The challenge of rapid 
and easy integration of micropumps in disposable LoC systems is to assure simple 
process technologies based on monolayer structures as these geometries avoid 
unnecessary dead volumes. 
6.2.1 PZT-PDMS-Micropump 
Micropumps based on piezoelectric actuation require relatively high-applied voltage 
but have grown in popularly to become the dominant type of micropump in drug 
delivery systems and other biomedical applications [Nis08]. The piezoelectric effect is 
https://doi.org/10.24355/dbbs.084-201901241153-0
Auxiliary Microfluidic Systems 
120 
understood as the linear electromechanical interaction between the mechanical and the 
electrical state in crystalline materials [Gau02], made of lead zirconate titanate (PZT). 
Being piezoelectric, the PZT accumulates a voltage (or potential difference) across two 
of its faces when compressed (useful for sensor applications), or reversely, physically 
deforms when an external electric field is applied (useful for actuator applications). 
The latter effect is used for the developed PZT-pump. A few different PZT actuated 
PDMS micropumps have been fabricated by other groups, containing throttle valves 
[Joh05], flap-like valves [Lov08] or valves based on diffuser/nozzle principle [She08]. 
Design and Procedural Characteristics 
The PZT-micropump consists of a monolithically structured PDMS top that includes 
the pump chamber, the inlet and outlet channels and the check valves (Figure 6.6(a)). 
 
Figure 6.6: (a) Sectional view of the PZT-pump, top view of the glass and PDMS layer, (b) Image 
of the PZT-pump with an integrated PZT (10 mm in diameter)  
The three check valve designs presented in Chapter 6.1.1 were integrated in the pump. 
Two different disk-shaped PZTs were fully embedded in the PDMS cover resulting in 
two pump chamber designs: 8.5 mm diameter for the 10 mm diameter PZT and 
12.75 mm for the 15 mm diameter PZT. The PDMS layer was structured with a 
230 μm SU-8 master (see appendix A) inside of a double-sided molding apparatus to 
attain 200 μm PDMS membranes. The patterned glass bottom – containing the anti-
stick gold pads – was produced via the standard procedure. After the bonding of 
PDMS and glass, another plasma treatment followed to activate the top side of the 
PDMS. The PZT actuator, which had been connected to wires forehand, was centrally 
aligned on top of the activated PDMS. The integrated guides around the pump 
chamber allow for better alignment of the PZT actuators to the pump chamber. Fresh 
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PDMS was then poured on top of the system and dried at 70 °C. The fixation of the 
PZT to the PDMS can be ameliorated with silicone glue applied between the PDMS 
membrane and the PZT, which was done for the PZT of 10 mm. Finally, the assembled 
micropump was connected to the inlet and outlet of the metallic micropipes (Sterican, 
B. Braun, Germany) (Figure 6.6(b)). 
Characterization 
The performance of the micropumps was characterized with different actuator 
frequencies, which differed with respect to the excitation signal (square, sinusoidal or 
saw tooth), the implemented PZT diameter (10 mm or 15 mm) as well as with the type 
of check valves. Ethanol and DI-water were used as the working fluids in the 
experiments. The experimental setup consisted of a frequency generator (Agilent 
33220A, Agilent Technologies GmbH, Böblingen, Germany), an amplifier set to 
excite a constant voltage of 200 V (E-508.00 HVPZT, PI Physik Instrumente, 
Karlsruhe, Germany) and an oscilloscope (Tektronix, Japan). To evaluate the pump 
efficiencies of the different check valve designs for different conditions, the flow rate 
was measured by means of the bubble tracking method. An air bubble was trapped in 
the inlet channel and the time in which the air bubble required to move a defined 
distance (5 cm and 10 cm) was recorded.  
Figure 6.7(a) depicts the preliminary results obtained with ethanol for the check valve 
designs (1), (2) and (3) with a PZT of 15 mm in diameter: the flow rate is plotted 
against the excitation frequency for a square signal. It is noticeable that both valve 
designs (2) (concave) and (3) (convex) achieve their best pumping rates (higher than 
100 μL/min) for the low frequencies up to 125 Hz. Design (1) (flap) is associated with 
the lowest pumping capacity for the entire analyzed frequency range. This could be 
due to the leakage gaps – and thus increased losses – along two axes when compared 
to the lip design (2, 3) which reveals an open gap related to only one axis. 
Furthermore, the lower pump performance of design (3) might result from the channel 
restriction before the valve flap – leading to higher pressure losses within the channels. 
Nevertheless, it is worth noticing, that this result is contradictory to the diodicity 
results presented in Chapter 6.1.1. When comparing the two, the fact that diodicity 
tests were performed in static mode needs to be taken into account. Measurements 
taken in static mode will not necessarily reflect the performance in the dynamic mode 
during pumping. When comparing the 10 mm PZT with the 15 mm PZT, similar flow 
behavior was obtained (Figure 6.7(b)). The standard deviations were calculated for 2 
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to 8 tests run under the same conditions. A better performance is presumed to result 
from a larger PZT, as the compression rate (ratio of the displaced volume to the dead 
volume) is expected to be higher for larger PZT actuators. Only one alteration in the 
optimized fabrication procedure was made for the pump design with 10 mm PZT, in 
that a silicone rubber sealing was added between the PDMS membrane and the PZT. 
This could have ensured better fixation of the oscillating PDMS membrane to the PZT. 
Therefore, further analysis of two new micropumps will be necessary in order to 
confirm or disprove the statement of equal pumping performance for 10 and 15 mm 
PZT diameters. However, as the aim is to fabricate space-saving micropumps, the 
characterization of the 10 mm PZT is emphasized in the following. 
 
Figure 6.7:  (a) Pump rate versus frequency (0-150 Hz) for the three different check valve designs 
(1, 2 and 3) and a PZT diameter of 15 mm for a square signal, (b) Correlation of flow 
rate to the PZT diameter (10 mm and 15 mm) for concave valve design (2) 
As the micropump with the overall highest flow rates resulted to be the lip designs (2 
and 3). Both pumps were characterized with regard to their dependence on the signal 
variation: square, sinusoidal or saw-tooth. Figure 6.8(a) demonstrates the flow rate 
versus the excitation frequency for the three different input signals with respect to the 
concave (1) and the convex (2) valve lips. The standard deviation of the different 
curves for design (2) was based on 2-8 measurements with the square signal, 2-6 with 
the sinusoidal signal and 2-4 with saw-tooth excitation frequency. The results for 
design (3) are plotted based on only one measurement (the first measurement). It can 
be clearly seen that by use of a square signal the flow rate is two to three times higher 
(between 150 and 200 μL/min for (2)) than the pump rate obtained with a sinusoidal or 
saw-tooth wave (between 50 and 100 μL/min for (2)). Saw-tooth signal produces even 
smaller pumping values than sinusoidal signals. This result is in accordance with the 
measurements done by Forster et al. [For95] who reported higher flow rates for square 
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signals than for sinusoidal waves. Square waves induce abrupt impulses and therefore 
enhance the aspiration and displacement of the pump. 
 
Figure 6.8: (a) Flow rate versus frequency for different input signals (square, sinusoidal, saw-tooth) 
for micropump with valve design (2) and (3): values of (3) represent the first test 
sequence, (b) Flow rate versus frequency for different input signals (square, sinusoidal, 
saw-tooth) for pump (3) for various measurement sequences 
While conducting further pumping tests with design (3) for triplicate measurements, it 
was observed that flow rates increased for all signals with longer pumping operation 
(Figure 6.8(b)). A stable pumping performance was attained from the third set of 
measurements: the curve for square signal represents the average standard deviation of 
triplicate measurements (3rd, 4th and 5th set). The flow rate of design (3) nearly 
doubled (370 μL/min for 25 Hz and square signal) when compared to design (2) 
(200 μL/min). This interesting result could be related to the embedding procedure of 
the PZT in the PDMS. As it influences the working performance of the PZT-pumps, a 
specific “warm-up” for newly fabricated systems is required. 
The pump performance was finally investigated with regard to the fluid being pumped: 
ethanol or water (Figure 6.9). Measurements were performed with both pump designs 
(2) and (3) as shown in (6.9a) and (6.9b), respectively. The overall flow rate when 
pumping DI-water decreases by one third in comparison to ethanol. The result 
becomes evident when considering the fluid properties of ethanol and water. Ethanol is 
characterized by lower density and viscosity resulting in fewer pressure drops. In 
addition, it modifies the PDMS surface making it more hydrophilic. For design (3) the 
results were also confirmed with a sinusoidal signal. Although the obtained results for 
frequencies up to 125 Hz imply that the flow rate would decrease with increased 
frequency, further measurements were conducted in the high frequency range (200-
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500 Hz). From the characteristics shown in Figure 6.9, it can be extracted that minimal 
flow rate is obtained at 200 Hz. For higher frequencies (500 Hz), flow rates again 
increase to values as high as those that were achieved with low frequencies (25 Hz). 
Due to fatigue and noise criteria of high frequencies (especially when using the square 
signal), it is recommended to operate the micropumps at low frequencies. 
 
Figure 6.9: Flow rate versus frequency (0-500 Hz) and square signal of ethanol and DI-water: (a) 
with pump design (2) and (b) with pump design (3) 
In summary, the convex lip valve design (2) was determined to be the most promising, 
which can be among other reasons related to its higher diodicities (Chapter 6.1.1). In 
addition, the pump setup allows for inexpensive, easy and flexible integration of the 
self-priming micropump in disposable LoC platforms. One of the main drawbacks of 
miniaturized LoC elements is the size limitation of commercially available PZT disks. 
6.2.2 Pneumatic PDMS Micropump 
Pneumatically actuated micropumps have the advantage that the pump chamber size 
can be decreased in contrast to PZT-pumps. Therefore, the idea arose to apply the 
actuation principle of the active valve to the PZT micropump, exchanging the PZT 
with a pressurized air chamber. Regarding available literature, membrane micropumps 
based on pneumatic actuation and integrated passive check valves have not been 
previously reported. The micropumps that have been documented cover almost 
exclusively peristaltic pumps based on several serial connected air chambers that are 
arranged along the fluid channel. Through directed alternating actuation of these 
chambers a peristaltic pump flow is attained. Yang et al. [Yan09] developed a 
peristaltic micropump containing three air chambers underneath the fluidic channel 
with an integrated passive block valve. This arrangement prevents undesired pump 
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flow when switching off the peristaltic pump. Maximal pump rates of 900 μL/min 
were achieved. Furthermore, peristaltic micropumps were integrated in total LoC 
platforms for cell culture [Wu08, Sha09].  
Design and Procedural Characteristics 
The pneumatic PDMS micropump differs from the PZT-PDMS micropump in that the 
PZT is replaced with a pressurized air chamber. The pump membrane is deflected via 
gas pressure. Through membrane displacements on the vertical axis due to negative or 
positive pressures, either suction (negative pressure) or pumping (positive pressure) 
can be achieved. The convex check valves were incorporated within the pumping 
system. For comparison of the pump performance between PZT and pneumatically 
actuated micropumps, identical pump chamber dimensions were fabricated. In 
addition, the design was downscaled from 8.5 mm (1) (identical to the PZT-pump) to 
3.4 mm (2) and 2.4 mm (3) (Figure 6.10(a)).  
 
Figure 6.10: (a) Schematic setup of the different pneumatic pump designs (top) with layer setup 
(bottom), (b) Images of pneumatic pumps (2) and (3) 
The following modifications in design and fabrication resulted from the switch to the 
pneumatic actuation principle. The PDMS cover consists of two structured layers. The 
first layer includes the pump chamber with integrated passive check valves, whereas 
the structured top layer is composed of the actuation air chamber and an inlet air 
channel. The thickness of the PDMS membrane (200 μm) was controlled via the 
double-sided molding apparatus. For the largest pump chamber (3), the membrane 
thickness had to be increased to 600 μm in order to prevent the large membrane from 
bonding to the glass bottom. The fabrication process was identical to the procedure 
explained in Chapter 6.1.2. 
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Characterization 
Figure 6.11(a) depicts the flow rate characteristics (with DI-water) obtained for the 
three pneumatic micropumps. The 3D-graphs demonstrate the correlation of the 
micropumps to the applied positive and negative pressure. For better viewing, the 
average standard deviations, which were less than 5 %, were omitted.  
 
Figure 6.11: (a) Pump performance of the pneumatic PDMS pumps with different pump chambers: 
2.4 mm (1), 3.4 mm (2) and 8.5 mm (3) in diameter, (b) Summary of the maximum flow 
rates and backpressures obtained for the pneumatically and the PZT-pump  
Tests were conducted at a constant frequency of 7 Hz (alternating between positive 
and negative pressure) which was preliminarily optimized for a fixed pair of applied 
overpressure and vacuum. In contrast to the assumption that higher frequencies would 
result in higher flow rates, it was observed, that the pump rate decreased with higher 
frequencies than 7 Hz. This might be due to the inertia of the polymeric pump system. 
The pump rates increase at large with higher positive and negative pressure values. 
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Futhermore, to obtain the favorable high flow rates, the vacuum pressure should be set 
to higher values than the applied overpressure. It can be noticed, that the pump rates 
for similar pneumatic operation modes increase with increasing pump chamber size. 
The table in Figure 6.11(b) summarizes the maximal flow rates (62, 357 and 
1175 μL/min for design (1), (2) and (3), respectively) and the backpressures obtained 
with the different pneumatic pump designs. Furthermore, the results are compared to 
the maximum flow rate data attained for the 10 mm PZT-micropump (design (3)) with 
square signal. Although the pneumatic pump (2) provides similar pump performance 
(357 μL/min) to the PZT-pump (3), differentiation has to be made between the pump 
dimensions: the pneumatic pump achieves six times higher pump performance 
(171 1/min) than the PZT-pump (28 1/min) when the flow rate is normalized over the 
pump volume. Furthermore, the pneumatic pump (3) demonstrate with 195 mbar 
higher backpressures than the PZT-pump (110 mbar) for identical dimensions. 
Conclusion 
Both micropumps (PZT- or pneumatically actuated) are self-priming pumps and 
feature different advantages and disadvantages. The pneumatic pump requires a 
smaller area and still achieves higher flow rates as well as backpressures than the PZT-
pump. The operation mode of the PZT-pump induces less pulsation, whereas the 
pneumatically actuated pump provides for the simultaneously mixing of fluids due to 
pulsations. In conclusion, although the selection of the individual pump depends on the 
application within the LoC platform, the functionality at large of these disposable 
micropumps has been successfully validated. 
6.3 Passive Microseparators Based on Filtration  
The objective of separating cells from the medium in a suspension is to obtain 
maximum accuracy through the prevention of results’ falsification (optical, fluid, 
mechanical or physical disturbances) for subsequent on-chip analytics. Therefore, in 
microbial cultivation on the microscale, the out-flowing culture broth has to be 
purified from cells for subsequent optical or amperometric analysis of substrate 
concentrations. As the analysis of the culture medium has to be performed in quasi- 
continuous wave mode (e.g. intervals of one hour), the separation element can be 
designed in the way that it provides for alternating rinsing cycles. In literature, several 
different microtechnologically fabricated single separation elements for cells and 
particles have been described, which can be divided into active and passive elements. 
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Active separation units refer to actuator principles based among others on ultrasonic 
principles [Pal10] or dielectrophoresis [Moo09, Mon10]. Regarding the passive 
principle, the ZWEIFACH-FUNG bifurcation law can be employed for separation of 
blood cells from plasma [Ker10]. Anderson et al. [And01] presented a micromachined 
filter-chamber for biochemical assays on beads. Within the scope of this work, the 
challenge was to offer a simple, yet effective microseparator based on a passive 
separation principle that could be integrated in the LoC platform. In a first test, the 
ZWEIFACH-FUNG effect was examined for the separation of S. cerevisiae. However, 
the filtering results were not satisfying due to the hydrophobicity of the cells and the 
lack of cell deformation capability. Therefore, the development of 2.5D filter 
structures was attempted. 
Design and Procedural Characteristics 
Figure 6.12(a) demonstrates the general schematic setup of the filtration device based 
on both filtration and centrifugal effects.  
 
Figure 6.12:  (a) Principle setup of the microseparator with filtering gaps around 2 μm; (b) Separation 
procedure of fluorescein dyed yeast cell suspension: (1) Separation process during 
continuous flushing of suspension, (2) result from subsequent blowing with air, (3) 
result after rinsing with water  
It consists of a ring-shaped flow channel which is separated from the chamber. The 
resulting medium is cell-free after passing through a filtering structure. The ring shape 
filter unit allows for not only filtration effects, but also for separation through 
centrifugal forces. The fabricated negative master structure consists of a thin first 
SU-8 5 layer (height of 2 μm) holding the filtering gaps. A thick second layer 
(230 μm) features the channel structure and the reservoir for the cell-free medium (see 
appendix A). After molding with PDMS and bonding to a glass substrate, the chip is 
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ready for use. Different separation chips were fabricated, which varied with respect to 
the width of the flow channel as well as the width and length of the filter structures. 
Characterization 
In initial experiments, successful separation was obtained. The examined cell 
suspension containing cells of S. cerevisiae were first colored with fluorescein for 
better contrast. It could be noticed at large that during active flushing of the suspension 
through the channel, the cell-free medium could be attained just by diffusion effects 
through the filter gaps (Figure 6.12(b) (1-2)). The cell-free volume flow resulted to be 
one fourth of the set inlet flow rate. This drawback can be remedied through 
subsequent integration of a micropump in the outlet channel of the cell-free reservoir. 
In addition, it can be extracted from the images, that a filter cake is formed after longer 
flushing of the cell suspension at the outlet of the flow channel — which suggests that 
centrifugal effects are superimposed on the passive filtering effects. Quasi-continuous 
cell separation is possible for most cases. However, it should be considered that the 
filter cake remaining at the filter ring has to be occasionally removed via a rinsing 
step. The complete cleaning of the filter structures could be demonstrated when rinsing 
with water (Figure 6.12(3)).  
In summary, the initial qualitative tests showed the feasibility of the simple 2.5-D 
microseparator based on filtration and centrifugal effects. The advantage of the 
fabrication procedure is its simple and rapid adaptation with regard to the cell size to 
be separated: same filtering design can be applied just by changing the thickness of the 
first SU-8 layer. In order to improve the filtering capacity, a cascade arrangement of 
several filters is possible. Furthermore, the device could be included upside down in a 
modular LoC platform to exploit sedimentation effects as well. 
6.4 Passive Micromixers  
Micromixers belong to the group of the most investigated microfluidic components. 
Over the last two decades active and passive micromixers based on various principles 
have been designed and summarized in several reviews, such as [Hes05] and [Man08]. 
The mixing principles can be classified into two categories depending on the pumping 
energy or provision of other external energy, termed as passive and active mixing, 
respectively. Considering the passive micromixers, devices and techniques based on 
Y- and T-type flow-, split-and-recombine-, multi-laminating-, jet colliding-, chaotic-, 
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and recirculation flow-mixing have been investigated. Active mixing can be obtained 
through time-pulsing flow with a periodical change of pumping energy or electrical 
fields, ultrasound, acoustic fluid shaking, and microstirrers, among others. 
Micromixing plays a very important role in many fields, including (i) high-throughput 
synthesis in chemical applications, (ii) biological applications, (iii) detection and 
analysis of (bio)chemical substances [Jeo10]. In recent years, several mechanisms 
have been patented to improve microfluidic mixing efficiency [Che09]. Because of the 
overload of existing mixing elements, the micromixer device presented here is an 
adaptation of existing passive principles (combination of zig-zag and herringbone 
structure). With regard to the integration within the LoC platform, the micromixer 
device is positioned behind the microseparation element. It allows for mixing of the 
supernatant with cofactors that are required for subsequent enzymatic analysis 
(Chapter 7). 
Design and Procedural Characteristics 
Two different passive micromixer designs (Figure 6.13a) were developed: the first 
design consisted of a one level zig-zag structure (230 μm), whereas the second type 
included – in addition to the zig-zag channel (140 μm) – a second structured level with 
herringbone elements (70 μm in height). The difference in processing was 
characterized by the use of a single or double layer procedure (appendix A). In both 
mixer types, the convex check valve was integrated to avoid fluid backflow. The 
molded PDMS element was bonded to the gold structured glass counterpart prior to 
testing. 
Characterization 
The mixing performance of both designs was conducted with a color change method 
using an iodine-amylum (starch indicator) complex of an intense blue color. When 
adding sodium thiosulfate to the complex, the iodine is reduced, which results in a 
change of color from blue to transparent. The effect of the combined design (zig-zag 
plus herringbone structure) was compared to the simple zig-zag structure for two 
different flow rates. Figure 6.13(b) depicts the mixing results for a total volume rate of 
6 mL/h and 3 mL/h for both mixing designs. It can clearly be seen, that the additional 
herringbone elements enhance the fluid mixing: for a flow rate of 6 mL/h, the 
complete mixing occurs after half of the system’s channel length, whereas two parallel 
streams (blue and transparent) can still be observed at the outlet of the simple zig-zag 
structure. The herringbone structure induces a rotation of the fluid profile through 
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alternating eccentricity and thus provides more effective mixing due to an increase of 
the contact area of both fluids. For half of the inlet flow rate, mixing can also be 
achieved in the simple zig-zag design at half of the system’s length. For the same 
parameters, the herringbone elements show again a mixing improvement of 50 %. 
From the obtained mixing length, the mixing times were calculated to be 4.9 s in the 
zig-zag structure and 2.1 s in the herringbone mixer for a flow rate of 3 mL/h.  
 
Figure 6.13: (a) Schematic of the passive micromixer: (1) zigzag structure and (2) combined 
zizgag-herringbone structure, (b) Mixing results for design (1) (left) and design (2) 
(right) for different flow rates  
In conclusion, the combined zig-zag herringbone design reveals mixing performance 
double as high as in the simple design. Yet whether the required mixing length 
complies with the given mixing conditions (for flow rates and ratio of both liquids) has 
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7 On-Chip Analytics of Substrates/Metabolites 
The general challenge of cultivation in MBRs is the lack of reliable data on educt and 
product concentration which is indispensable for any determination of biological 
reaction kinetics [Sch09]. Due to the extremely small sample volume available, 
conventional offline analysis – for example via high performance liquid 
chromatography (HPLC) – is difficult. The data obtained is predestinated for high 
errors because of both the evaporation during the time intervals between samplings 
and high dilution during the time-consuming sample preparation for the offline 
analysis. The latter is needed in order to reach the minimal volume that is obligatory 
for reliable HPLC measurements. Besides the integration of online analytics directly 
into the MBR system, through technologies such as sensor spots for DO detection, on-
chip analytics for substrate and metabolite analysis by means of microtechnologies is 
essential for efficient screening. Using different microsensor concepts, the detection of 
analytes (such as glucose and ethanol) can be made possible. From a conceptual 
approach, the benefit of scaling down these analytical systems is not only the reduction 
in size causing a decrease in reagent volume and costs but also an improvement of the 
analytical performance, e.g. the sensitivity and quick response. In the MBRs, 
developed by different research groups, the integration of on-chip metabolite analysis 
has not yet been achieved. This is due to rather complex detection methods of the 
transformed metabolites that cannot be performed online. Different concepts exist for 
the realization of biosensors for the analysis of biological substances. The types of 
sensors can be divided according to the applied recognition element e.g. enzymes, 
antigens, antibodies or microorganisms, which selectively detects the analyte or in 
relation to its transducer, based on an electrochemical, optical, mass sensitive or 
calorimetric procedure [Vo00]. The recognition element reacts specifically with the 
analyte, providing a signal which is converted into an electrical output via the 
transducer.  
This chapter describes the iterative development of a hybrid biosensor (improved with 
regard to complexity) that can be integrated in a MBR platform for detection of 
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glucose and ethanol. First of all, a brief overview of enzymatic reactions and 
immobilization methods is given. Afterwards, the working principle of the hybrid 
transducer based on both amperometric and optical analysis is presented. After the 
validation of its feasibility and its application to enzymatic reactions by means of 
surface immobilization, focus will be placed on the improvement of the recognition 
element; therefore an enzyme loaded microbead reactor is introduced. The recognition 
principle based on external immobilization is proven through co-immobilization of 
two enzymes for the detection of glucose. Finally prospects for hybrid sensor based on 
sol-gel-SWG with incorporated enzymes are given. This topic is currently still under 
investigation.  
7.1 Theory: Enzymatic Immobilization and Reactions 
Enzymes are proteins which act in a highly specific biocatalytic way and can therefore 
accelerate biochemical reactions through decreasing its activation energy. One 
advantage of using enzymes is that they can survive several reaction cycles without 
changing their structural configuration. For the detection of glucose and ethanol the 
most used receptor is an enzymatic component. Glucose can be converted by the 
enzyme glucose oxidase (GOX) to hydrogen peroxide (H2O2) and gluconate according 
to equation (Eq 7.1). The transformed glucose is proportional to the quantity of 
consumed oxygen or produced H2O2 [Wan06].  
 Glucose + O2 + H2O     GOX     Gluconate + H+ + H2O2 (Eq 7.1) 
The enzymatic detection of ethanol is mostly carried out by means of alcohol oxidase 
(AOX) or alcohol dehydrogenase (ADH). Both enzymes oxidize alcohol to aldehyde. 
AOX converts ethanol to acetaldehyde and H2O2 in the presence of oxygen according 
to equation (Eq 7.2).  
 Ethanol + O2     AOX     Acetaldehyde + H2O2 (Eq 7.2) 
However, for simultaneous quantification of glucose and ethanol concentration AOX 
cannot be used in combination with glucose oxidase due to their same reaction product 
H2O2. In this case alcohol dehydrogenase (ADH) has to be applied together with the 
coenzyme oxidizer nicotinamid adenine dinucleotide (NAD+) (Eq 7.3). 
 Ethanol + NAD+     ADH     Acetaldehyde + NADH + H+   (Eq 7.3) 
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H2O2 can in principle be detected electrochemically, however other methods are 
commonly used, e.g. an enzymatically catalyzed conversion by use of horseradish 
peroxidase (HRP) (Eq 7.4) 
 Donator + H2O2     HRP      Oxidated donator + 2 H2O  (Eq 7.4) 
The peroxide is reduced to water by the HRP, whereas the cofactor donator is 
oxidized. The evaluation of this enzymatic reaction is often carried out by means of an 
oxidized donator that is luminescent or chromogenic [Cha09]. Chromogenic cofactors 
could be 3,3',5,5'-tetramethylbenzidine (TMB) – which was used in this work –, 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulphonic) acid (ABTS) [Llo08] or ferrocyanide 
which turn the solution green, blue or yellow, respectively. By the use of luminol the 
emitted light can be detected [Zhu02]. 
Most of the enzymes can be dissolved in water and therefore impede separation from 
the substrate solution. Because catalytically active enzymes are unaltered by the 
reaction, a single use results in unnecessary expenses. With regard to applications in 
biosensors, enzymes can be immobilized to a surface or matrix to allow for their 
reusability, stability and separation from the surrounding medium. Different 
immobilization techniques exist which can be divided into the categories of: 
entrapment (gel capsules or fibers), bonding (ionic, covalent, adsorptive or cross-
linking) or crosslinking between several enzymes [Chi06]. Depending on the 
immobilization method, the properties of the enzymes can vary. The immobilization 
within a matrix enhances the stability of the enzymes with regard to temperature 
effects, organic solvents or pH changes without relevant activity loss when compared 
to surface immobilization. The disadvantage of this immobilization method, however, 
is the increased mass transport resistance constricting the enzymatic reaction and thus 
decreasing the reaction velocities [Bat00].  
The covalent bonding method for the immobilization of enzymes is one of the most 
frequently used. A covalent bond is established between amino acid residues on the 
enzyme surface and a supporting functional group (e.g. amino (NH2) or hydroxyl 
(OH)). This connection can result either through direct bonding to the substrate or via 
a spacer. The latter adds flexibility in enzyme mobility which increases the degree of 
catalytic activity. To achieve bonding, pre-activation of the functional groups by 
specific reagents is required. Within this work covalent bonding is only used for 
internal immobilization within the biosensor on PDMS and external immobilization on 
micro glass beads – that are subsequently injected to the biosensor. Hereby the glass 
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beads – consisting of SiO2 – have to be preliminary modified via silanization [Har86]. 
The applied silane reacts with the hydroxyl group of the glass to form amino groups 
which then can be bound to glutaraldehyde. Finally, the amino groups of the enzymes 
are covalently bonded to the activated substrate. 
7.2 Biosensor with Hybrid Transducer: Feasibility Study 
The proposed biosensor based on a hybrid transducer enables simultaneous, optical 
and electrochemical analysis working in continuous flow mode. This device differs 
from those previously developed [Gra07, Odi09], in that both transducers are 
integrated into a single detection cell and operated simultaneously with no evidence of 
cross-talk. The hybrid principle has two advantages compared to a single transducer 
design: (i) Dual determination of analytes is more reliable (providing a simultaneous 
control value); (ii) Higher sensitivities and a wider dynamic range should be obtained 
because of the two different working regions (optical and electrochemical). The 
following sections describe the design of the hybrid transducer and its feasibility study 
by means of a model solution and internal, enzymatic surface modification. 
Design  
The basic setup of the biosensor with hybrid transducer – schematically depicted in 
Figure 7.1(a) – consists of a patterned PDMS element bonded to a gold structured 
glass substrate. The substrate features gold electrodes and alignment structures to 
facilitate the bonding. 
 
Figure 7.1: (a) Schematic and (b) photograph of hybrid transducer with optical read-out and 
amperometric analysis 
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The electrochemical readout comprises four equal electrode groups, which allow for 
four-folded readout when necessary. The PDMS element includes the sensor chamber, 
the fluid inlet and outlet with PE for homogeneous distribution (Chapter 5.2.2), 
alignment structures and the photonic elements (channel for fiber optics and 
microlenses), as described in Chapter 5.2.3. 
Three identical optical read-out elements are located in the biosensor to allow for 
gradient measurements. From the optical point of view, expanding the reactor width to 
3.4 mm improves the optical sensitivity due to the increase of the optical path. 
Assuming that the electrochemically recorded currents are directly proportional to the 
electrode effective areas, higher electrode surfaces also positively affect the transducer 
sensitivity [Bar01]. Each gold electrochemical cell used in this work consists of a 
counter (thick), a working (medium thick) and the reference (thin) electrode in the 
width ratio of 6:2:1, respectively. The distance between the individual electrodes is 
50 μm. For amperometric measurement, a potentiostat adjusts the current at the 
counter electrode in a way that the potential of the working electrode remains at a 
constant level with respect to the reference electrode. By measuring the difference in 
potential between the working and the reference electrodes and thus the passing 
current owing to the reduction of the oxidized species, the analyte concentration in the 
bulk can be calculated as it is directly proportional to the current. The desired reaction 
(oxidation / reduction) takes place at the electrode solution interface; electrons are 
transferred between the analyte in solution and the surface of the electrode. The 
counter electrode is designed to balance the charge drawn by the working electrode 
[Bre94]. The ability of this three electrode system to detect the chemical reactions and 
therefore the analyte concentrations is greatly influenced by the electrode material 
composition, its surface modifications and its dimensions [Gri08]. Furthermore, before 
starting with the amperometric measurements, the constant potential to be set has to be 
preliminarily defined by means of cyclic voltammetry. In cyclic voltammetry, a 
staircase potential signal – with a step potential normally one tenth of the potential 
scan rate – is applied between the working electrode and the reference electrode, 
which are in direct contact with the solution. The current was continuously monitored 
and plotted against potential, forming a voltammogram [Egg96].  
Procedural Characteristics 
The PDMS element was molded by means of a single mask structured SU-8 master 
with 230 μm in height (appendix A). It was bonded to a gold structured bottom by use 
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of the alignment structures and ethanol. Wire connection was obtained by soldering at 
270 °C and final isolation was done with silicone glue. After connecting the inlet and 
outlet needles, the biosensor is almost ready for use (Figure 7.1(b)). During the 
fabrication process, the gold electrode surface was inactivated through a thin oxide 
layer generated on the gold during plasma activation. Therefore, an EC activation step 
had to be carried out in order to provide reliable amperometric measurement results. 
This was done by applying a repeated potential cycle in a wide potential window, 
using a potassium nitrate solution (KNO3). This process oxidizes and reduces the gold 
surface, as well as partially polishing and activating it. In order to qualitatively 
evaluate the electrochemically activated surface, a cyclic voltammogram in a 0.1 M 
KNO3 solution containing 1 mM ferrocyanide/ferricyanide redox pair (Fe(CN)64- / 
Fe(CN)63-) was performed. A repetition of both steps proved the progress of the 
activation procedure: when the shape of the voltamogramms remained stable, the gold 
activated surface was in an optimum state. This activation procedure is time-
consuming, however cannot be replaced by chemical cleaning (e.g. by a Piranha 
solution containing sulfuric acid and hydrogen peroxide, which is well known to 
chemically activate gold substrates). The signals from the activation process used also 
provide information about the potentials at which the above-mentioned redox pair 
undergoes the oxidation/reduction process. From these values, the potential for the 
amperometric measurements could be set.  
Characterization 1: Performance of the Hybrid Transducer  
In this section the properties of both the electrochemical and optical transducer are 
simultaneously examined. This was first carried out without the use of any biological 
recognition elements, but by using only a model solution: different concentrations of 
ferrocyanide /ferricyanide redox pairs dissolved in 0.1 M KNO3. As ferrocyanide can 
be used as a mediator of some enzymatic reactions, it was used for both 
electrochemical and optical measurements. Fe(CN)63- changes the color of the sample 
to a yellowish color when being oxidized. After connecting the electrodes to the 
bipotentiostat (μStat 200, DropSens S.L., Oviedo, Spain) and inserting the standard 
fiber optics into the corresponding fiber optic channels, the faradaic current was 
recorded with a set potential and absorbance spectra of the halogen light (UV-VIS-
NIR-light source, Micropack, Ostfildern, Germany) for integration times of 25 ms. As 
previously stated, the working potential must always be determined by the cylic 
voltammetry before starting measurements. The working potential set for these 
experiments was 0.3 V versus Au reference electrode in order to oxidize the reduced 
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species from Fe(CN)64- to Fe(CN)63-. The current was measured over a time span of 
60 s. Figure 7.2 illustrates the optical and electrochemical results as a function of the 
ferrocyanide concentration in terms of absorption (a) and in terms of the current (b). 
 
Figure 7.2: (a) Calculated absorption at wavelength of 434 nm (integration time: 25 ms), (b) 
Amperometric response at 10 s (potential 0.3 V) related to concentrations of Fe(CN)63- 
and Fe(CN)64-, respectively in 0.1 M KNO3 solution 
The maximal absorption of the yellowish ferrocyanide is determined to be at a 
wavelength of 434 nm, which corresponds with the blue-violet region. It can be clearly 
seen, that a linear relation according to the Lambert-Beer law is only valid for 
concentrations up to 3 mM with a coefficient of determination R2 equal to 0.99. In 
contrast to the optical results, the linear correlation of the amperometric response 
exists for concentrations up to 10 mM (data was taken after 10 s) with an R2 of 0.97. 
The linear curve corresponds to the increasing oxidation of reduced species for 
increasing concentrations, which is directly proportional to the increasing current. 
From this data the accordant LODs and sensitivities can be obtained and are 
summarized in Table 7.1. It is evident, that by means of optical analysis a lower LOD 
of 0.13 ± 0.04 mM can be obtained in comparison to 0.69 ± 0.04 mM for the 
electrochemical analysis. This could be expected as concentration 3 mM displayed 
higher deviations in the amperometric measurement due to possible fouling of the 
electrode surface by the ferrocyanide/ferricyanide species. With regard to sensitivity, 
optical measurements revealed a value twice as high as the one attained with 
electrochemical transducer. However, a higher dynamic range can be provided for the 
electrochemical principle: concentrations up to 10 mM still lie in the linear region. In 
general, the functionality and the successful integration of both detection principles 
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within one sensor chip was confirmed, allowing simultaneously an extension of the 
measurement range while providing a lower LOD and higher sensitivity. The optical 
transducer is solely used for further characterization of the biosensor with regard to the 
recognition element. 
Table 7.1: Summary of parameters obtained from the calibration curves of optical and 
electrochemical analysis of KNO3-solution containing different concentrations of 
Fe(CN)63- and Fe(CN)64-   








Optical 0.01 – 3 0.11 ± 0.00 0.13 ± 0.04 
Electrochemical 0.01 – 10 0.05 ± 0.00* 0.69 ± 0.04 
 
Characterization 2: Optical Transducer Combined with the Recognition Element 
After the successful validation of the performance of the hybrid transducer, the next 
step was to combine the transducer with a suitable recognition element. Therefore, a 
covalent approach for the attachment of enzymes (based on surface modification 
within the sensor chamber) was first investigated. The procedure included the PDMS 
modification with a pretreatment of polyvinyl alcohol (PVA) and subsequent 
silanization step. The chamber was incubated with 1 mg/mL PVA dissolved in 
deionized water for 1 h. After a rinsing step with water, the silanization step (1 h) was 
carried out in an ethanol/water solution (1:1 v/v) containing 2 % triethylamine and 2 % 
11-triethoxysylyl undecanol. The system was rinsed with ethanol, dried for 2 h and 
finally filled with the enzymatic solution (in this case HRP for feasibility study). The 
solution consisted of a 0.1 mg/mL HRP in 0.05 M carbonate buffer (pH 8) and 5 mM 
NaBH3CN. The systems were then rinsed with PBS containing 0.05 % Tween. The 
HRP-modified devices should be stored in PBS at 4 °C before performing 
measurements in order to maintain the enzymatic activity. For measurements, serial 
dilutions of H2O2 (0.0005 mM-10 mM) were prepared in 0.1 M acetate buffer pH 5.5 
which also contained 0.5 mM TMB redox mediator. The fiber optics were connected 
to a halogen lamp (KL1500 electronic, Zeiss, Germany) and a spectrometer (HR 4000, 
Ocean Optics), respectively. Different H2O2 concentrations were flushed through the 
system beginning with the lowest concentration. Optical measurements were taken 
after 10 min of incubation with an integration time of 12 ms. Maximal absorbance was 
at a wavelength of around 580 nm, which is logical for the oxidized form of TMB+· 
that turns the solution blue. The absorbance was plotted against the H2O2 
concentration. The obtained dynamic range covers concentrations up to 1 mM with R² 
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of 0.987. The obtained LOD is 69 ± 3 μM with a sensitivity of 0.358·10-3 ± 
0.018·10-3 a.u./μM. Although these results have to be confirmed in further 
experiments, it can be stated at large that the combination of the recognition element 
and the transducer (for simplicity focus was placed on the optical setup) confirm their 
functionality within the biosensor design. The fact that the dynamic range is only 
given for a maximum concentration of 1 mM is actually not a disadvantage for the 
proposed biosensor, because the ability to work in smaller concentration regions 
allows to perform enzymatic conversions faster which again results in a faster response 
time of the sensor. The difference in performance values of the two methods could be 
related to chemical inhomogeneities during the surface modification procedure. 
Furthermore, the modified surface is rather small relative to the reactor design. The 
modification procedure (consisting of several incubation, flushing and heating steps) 
would be rather difficult and inconvenient to engineer on a monolithic LOC platform 
and thus it would be more advantageous if could be avoided within the reactor 
chamber. In addition, the individual functionalization of each system is quite time-
consuming. One idea to overcome this drawback of internal modification consists of 
the external dosing of enzymatic solution together with the cofactor and if necessary 
the buffer solution. Although this is conceptually quite simple for the total platform, it 
does not meet the low-cost requirements: for every sample analysis during the 
incubation time the enzymatic solution can only be used once. This dramatically 
increases the costs due to the high amount of enzyme solution required. Furthermore, 
by flushing the rather large sensor chamber (restricted by the electrodes and the Beer-
Lambert law), a very high amount of expensive enzymes are wasted. Another solution 
would be to externally immobilize enzymes on substrate – such as micro glass beads – 
and subsequently insert these enzymatically modified beads within suitable grid 
structures inside of the biosensor. In doing so several advantages would be obtained: 
(i) An increase in surface area due to a packed column setup and thus an increase in 
enzymatic activity with an overall decrease in reagent costs due to multitudinous 
reaction cycles; (ii) Simplification of the fabrication method through the external 
modification procedure allowing for HTP production, as high amounts of microbeads 
can be modified at once and then only have to be filled in the biosensor chips; (iii) 
Independent filling is provided avoiding any complex integration of bypasses for the 
immobilization procedure of the used substrate (PDMS, glass); (iv) Removal and reuse 
of the beads is possible and (v) Microbeads as the solid matrix make free choice of the 
basic material of the analysis system possible. For these reasons, the next section is 
related to the optimization of the biosensor by using functionalized microbeads. 
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7.3 Optimization of Enzymatic Response 
The basic motivation of using externally modified microbeads as the recognition 
element presents a possibility of increasing enzymatic activity while dramatically 
decreasing the fabrication and reagent costs. In this section the requirements of the 
recognition element are examined with regard to the design and fabrication procedure 
for the development of a so-called enzymatic bead reactor (EBR). To validate the 
performance of the biological element the converted signal is analyzed by 
conventional offline analysis (HPLC). The final biosensor should be functional for the 
co-immobilization of two enzymes (GOX + HRP or AOX + HRP). In this case the co-
enzymatic response will be evaluated by the co-immobilization of two enzymes (GOX 
and ADH) resulting in two different products that can be easily detected by the HPLC. 
Microbeads, ranging in size from tens of nanometers to hundreds of microns have been 
successfully utilized e.g. for microscopic affinity chromatographic systems showing an 
enhanced performance [Kaw00]. Marquette et al. [Mar04] demonstrated a biochip 
based on a monolayer of immobilized beads for the detection of glucose by means of 
luminol as a mediator. The produced light was measured by a CCD camera. Another 
system based on implementation of microbeads modified with GOX was presented by 
L’Hostis et al. [L’Ho00]. The detection was carried out only amperometrically, the 
beads featured an average diameter of 51 μm. 
Design 
The main function of the developed EBR is the retention of a defined quantity of 
microbeads inside of the reaction chamber to obtain high surface area and enhanced 
mixing by means of the decreased diffusion ways within the pores of the packed 
microbead column. Figure 7.3(a) schematically depicts the basic setup of the EBR 
consisting of a fluidic inlet and outlet, a reaction chamber for the beads and the grid 
structures for retention of the beads (which are filled in the biochip via the auxiliary 
channel). Two different grid dimensions were characterized with an average diameter 
of 50 μm: grid spacing of 40 μm (a-EBR) and 20 μm (b-EBR). The grid structures also 
varied in the surface area of the comb like grid pole. Besides in-plane grid poles, 
another possibility for constraining beads is the use of a weir structure inside of the 
microfluidic device. The channel behind the weir structure should generally have a 
smaller diameter than any one of the beads [Sat01]. However, the flow profile in this 
case is negatively interrupted due to the abrupt variation of the channel geometry 
behind the weir. 
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Figure 7.3: (a) Schematic of the EBR with integrated grid structures of different comb shapes: a-
EBR and b-EBR, (b) Photo of the a-EBR filled with immobilized microbeads 
Procedural Characteristics 
The EBR is composed of a PDMS bottom and cover (both 360 μm in height) and was 
fabricated by applying the general procedure of UV-depth lithography (1 mask design) 
and soft lithography (appendix A). The bead chamber is intentionally given larger 
dimensions than necessary, (total bead volume of 36 μL) in order to analyze the 
general performance from the design point of view. For immobilization, GOX (Sigma 
Aldrich, Aspergillus niger) and ADH (Sigma Aldrich, Saccharomyces cerevisiae) 
were fixed to 3-aminopropyl functionalized silica gel microbeads (Sigma Aldrich). 
Twenty mL of 2.5 % gluterdialdehyde solution was added to 3 g of the silica gel 
microbeads and incubated for 90 min on a shaker at room temperature. The silica gel 
beads were then rinsed with distilled water and centrifuged at 5500 rpm for 5 min. 
This procedure was repeated three times. Meanwhile 25 mL of enzymatic solution was 
produced consisting of 10 mM PBS (pH 7.0-7.4) and 10 units/mL of GOX and ADH. 
After re-suspension of the rinsed beads with the enzymatic solution, the 
immobilization reaction took place for 1 h at room temperature. During the filling of 
the beads, the excess PBS was drained off via the inlet and outlet channel. A needle 
bent at 90° closed the bead injection channel which was additionally sealed with two 
component glue (Figure 7.3(b)).  
Experimentation and Results 
In order to optimize the dimension and design parameters of the EBR with regard to 
their fabrication procedure and general functionalities (especially for the grids), the 
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different reactor types were tested with conventional HPLC (ICS-2000, Dionex 
GmbH, Idstein, Germany) with respect to the qualitative detection of the enzymatic 
reactions. Moreover, the adequate flow rate of the analyte through the reactor had to be 
determined. The model solution tested in the EBR designs was composed of 1 g/L 
glucose, 1 g/L ethanol and 20 mM NAD+.  
In a first test, two simultaneous conversions of glucose and ethanol for different flow 
rates (0.03 mL/min and 0.05 mL/min) were examined in the a-EBR. The results show 
a decrease of the converted analyte with an increase of the flow rate for both glucose 
and ethanol concentrations. When testing another identical a-EBR at the same 
conditions, similar tendencies in the conversion could be detected. However, the 
quantitative results could not be reproduced in the second trial, obtaining high 
deviations up to 70 %. The main drawback is the unreliable retention performance of 
the grid design in the a-EBR: beads are often washed out of the reaction chamber due 
to damaged grid structures. Yet the results obtained in the a-EBR, generally show that 
the smaller flow rate of 0.03 mL/h should be favored in further experiments. The 
design drawback can be overcome through optimized grid structures (smaller channel 
width of 20 μm) which provide for better bonding of the grid poles. 
 
Figure 7.4: (a) Decrease of the glucose and ethanol concentrations in parallel trials (n = 5) for three 
reactors of type b-EBR with different initial concentrations and a flow rate of 
0.03 mL/h, (b) Photograph of the grid structures of b-EBR 
Figure 7.4 demonstrates the concentrations of simultaneously converted glucose and 
ethanol for three different initial concentrations at a flow rate of 0.03 mL/h in the b-
EBR. The illustrated results are average values obtained from five experiments. The 
average standard deviation of 10 % reveals a more passable frame than that of the a-
EBR reflecting the optimized geometry. In conclusion, these preliminary results 
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confirm the functionality of the optimized functionalization protocol of the recognition 
element. The consequential development addresses the combination of the transducer 
with the recognition element, which is described in the following. 
7.4 Combined Optical Transducer and Microbead 
Recognition Element for the Detection of Glucose 
In this section an example for the functionality of both the developed transducer and 
the optimized recognition element is presented for the detection of glucose. For this 
purpose, GOX and HRP are co-immobilized on the glass microbeads. Mediator TMB 
is used which results in a green color (due to the reduction of H2O2) that can be 
detected by the implemented fiber optics. In literature, other co-immobilized 
biosensors have been presented based on GOX and HRP, where surface modification 
is carried out on a glass substrate [Zha02], on a silicon substrate [Dav04] or directly on 
electrodes [Zhu07] within the accordant biosensor. 
Design and Procedural Characteristics 
Figure 7.5(a) depicts the basic setup of the improved biosensor. When compared to the 
transducer design (Figure 7.1), the PE elements for homogeneous distribution of the 
fluid are replaced by a bead chamber that is separated from the biosensor by the 
enhanced grid structures demonstrated in Figure 7.3.  
 
Figure 7.5:  (a) Improved biosensor with enzymatic bead chamber, electrodes and PDMS SWG, (b) 
Photo of the biosensor with integrated beads that were preliminarily immobilized 
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To additionally improve the optical readout, PDMS-SWGs (as presented in 
Chapter 5.2.4) are implemented in the design. Furthermore, the optical fiber channels 
were optimized in this design according to an even more reliable and stable 
positioning of the fiber optics. Constriction is achieved through a PDMS wall and not 
a lens structure as in the former design. This prevents the lens from being damaged 
when inserting the fiber optics. 
Experimentation and Results 
The co-immobilization of GOX and HRP was carried out according to the 
functionalization protocol explained in Chapter 7.3, with the exchange of the ADH 
with HRP. Once the chamber was homogeneously filled with the immobilized 
microbeads via the filling inlet, the inlet was sealed with two component glue. GOX 
was first dissolved in acetate puffer (50 mM, pH 5.1) and then mixed with the enzyme 
solution containing the HRP and 10 mM PBS. 
 
Figure 7.6: (a) Absorbance versus glucose concentration in the biosensor with co-immobilized 
microbeads (GOX and HRP), (b) Photo of the bead chamber showing the inserted 
microbeads with the filling channel and the grid structures 
The performance of the biosensor in detecting glucose concentrations was studied for 
the range of 0.005 and 9 mM using optical detection methods. The optic measurements 
were done under the same conditions as aforementioned. The glucose solution was 
pumped in a semi-continuous manner with flow rates of 0.08 mL/min. Once the 
chamber was filled with the glucose solution, the pump was stopped to allow an 
adequate reaction time (10 min) for both enzymes before taking the measurement. 
Figure 7.6 presents the correlation of the absorbance (at wavelength 610 nm) versus 
different concentrations of glucose. A linear range is observed for glucose 
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concentrations up to 2 mM. By performing a linear regression analysis on the plotted 
data, an LOD of 0.405 ± 0.053 mM for an R2 of 0.951 was obtained. These results 
demonstrate the principle functionality of the presented biosensor. 
In conclusion, the drawback of costs that are too high due to wasted enzymes during 
the on-chip functionalization, could be overcome with the optimized functionalization 
protocol. This entails preliminarily crosslinking the enzymes on glass beads and filling 
them afterwards in the system. In doing so, mass production of functionalized 
biosensors becomes relatively convenient, while functionalization can be performed in 
high quantity batches. As long as the enzymes are under hydrated conditions their 
activity can be conserved. However, there is still plenty of optimization to be done 
with regard to the performance sensitivity and the LOD of the presented biosensor. 
Optimization aspects are among others related to the required bead area or the position 
of the fiber optics behind the bead reactor. Furthermore, it should be considered, that 
the pressure drops that occur within the bead chamber might cause problems with 
regard to required pumping forces. Another approach could be to merge the 
recognition element (still off-line immobilization) and transducer by means of sol-gel-
waveguides as described in (Chapter 5.4.3). This perspective of a highly integrated and 
complex biosensor will be presented in the next section. 
7.5 Perspective: Hybrid Sol-gel-SWG Biosensor 
In the biosensor previously presented, only one analyte (glucose or ethanol) can be 
measured. The idea of the hybrid sol-gel-SWG biosensor is to incorporate different 
enzymes in liquid sol-gel prior to the structuring the SWG within the microbiosensor 
by means of the developed open fluidic method as explained in Chapter 5.4.3. The sol-
gel matrix facilitates a stable environment for the enzymes while still allowing the 
diffusion of the analytes through the porous but transparent matrix. The transparency 
permits merging of the recognition element with the optical transducer. This type of 
system based on sol-gel-SWGs used as biosensors with an integrated recognition 
element and transducer has never been presented before in literature. The open fluidic 
structuring of the SWG also allows for bare electrodes in contrast to the effect of μ-
TM method as described before. Figure 7.7 schematically demonstrates the setup of 
the hybrid sol-gel-SWG biosensor. The former bead chamber is again replaced by the 
passive elements to achieve the approved, homogeneous distribution of the analyte 
solution. The biosensor consists of three SWG structure elements. The first two SWGs 
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consist of a co-immobilization of GOX+HRP and AOX+HRP, respectively. This 
facilitates measuring of the two substrates simultaneously within one biosensor. The 
last SWG features the reference consisting only of bare sol-gel. The hybrid transducer 
principle is also implemented in this design, with patterned electrodes behind the 
SWG. Since the same cofactor is influenced for both enzymatic reactions, the intensity 
results of the GOX+HRP-SWG has to be subtracted from the one resulting in the 
AOX+HRP-SWG to obtain the absolute value of converted ethanol. In the future, this 
highly integrated microbiosensor has to be thoroughly analyzed. However, it seems to 
have potential as the individual components have shown promising results. The main 
challenge will be to optimize the functionalization procedure to achieve a stable drying 
of the sol-gel SWG without dehydration/denaturalization of the incorporated enzymes. 
 
Figure 7.7: Schematics of the hybrid biosensor with three integrated integrated sol-gel- SWGs, that 
allow for bulk immobilization of different enzymes 
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8 LoC Construction Kit: Modular to Monolithic 
A concept for combining the MBR with the enzymatic biosensor and the auxiliary 
microfluidic elements was explained in Chapter 3. This LoC platform should allow for 
integration of all single steps, such as cultivation in the MBR, sampling of the culture 
medium from the MBR, its transportation and preparation (filtration) and enzymatic 
reaction and finally detection. As sampling takes place only during defined time 
intervals, the on-chip biosensor can be rinsed between consecutive analytical steps. 
Two different possibilities for designing this LoC platform are presented: the modular 
and the monolithic design. The latter integrates all desired components onto one single 
platform. In contrast, individual components are distributed on several chips in the 
modular design. The different effects resulting from both monolithic or modular LoCs 
are listed in Table 8.1. 
Table 8.1: Advantages and disadvantages of modular or monolithic LoC networks 
Criteria Modular LoC Monolithic LoC 
Dead volume Small – big  
(dependent on fluidic connection) 
Very small 
Reaction volume < 1 μL < 1 μL 
Production expenditure Low for single elements High 
Development expenditure for 
modifications 
Fast development and integration 
of new components 
Often complete new 
development of system 
necessary 
Replaceability of single 
components  
Yes No 
Integration of online analytics Yes, but more elaborate Yes 
Distances between structures >>100 μm, dependent on module 
size 
50 μm – 100 μm 
Reusability Yes Limited  
Response time Medium Fast 
Functional integration Low, since one module fulfills 
one function 
High – very high 
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A modular microfluidic platform is composed of several building blocks. Each 
building block consists of an individual functional system with individual interfaces 
(fluidic, electronic etc.). For this reason, the total platform features high flexibility 
with regard to replaceability and changeability of single systems. Concerning surface 
functionalization, individual systems can be preliminarily treated before the 
assembling of all the modules onto the LoC platform. Disadvantages include high dead 
volumes between single building blocks caused from the required fluidic interfaces in 
between individual modules. These interfaces can highly increase the hydraulic 
retention time within the modular LoC platform. Furthermore, the integration of online 
analytics is more elaborate.  
In comparison to modular systems, monolithic LoCs are generally better suited for 
technically mature systems, for which the setup and functionality had been optimized. 
The simple integration of online analytics and the ability to best exploit the available 
chip area lead to reliable and inexpensive LoC platforms (from a mass production 
point of view). Nevertheless, if new components have to be tested within the 
microfluidic platform, monolithic LoC platforms possess major disadvantages. Single 
components cannot be exchanged or complemented with new ones and a single defect 
of only one component makes the platform unusable. In summary, modular systems 
are advantageous for the prototyping of new microfluidic applications, as was done 
within the scope of this work. Yet, once the individual LoC systems have been 
analyzed and optimized, it is best to combine them on one monolithic LoC platform, 
which is more user-friendly. During the conception phase of the individual modules it 
should be carefully considered if final integration on one monolithic platform is 
possible. The integration criteria is especially related to the compatibility of the 
different technologies used and the layer setup of the single LoC systems. In the 
following a modular concept is presented for the LoC platform developed in this work. 
Finally, a possible monolithic concept is schematically exemplified. 
8.1 Modular LoC Platform 
A few modular LoC platforms for biological applications have been previously 
presented in literature. Grodzinski et al. [Gro03] developed a modular system for cell 
pre-concentration and genetic sample preparation. The device consists of modules 
made of polycarbonate and assembled in a stack-fashion to obtain minimal dead 
volumes. Modular systems based on PDMS chips were presented by Rhee et al. 
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[Rhe08] and Skaikh et al. [Sha05]. Rhee defined a standardization of microfluidic 
elements with regard to chip dimensions and specific locations for fluidic interfaces. 
Different modules (without any integrated online analytics) can be assembled together 
on a glass substrate. Sealing is obtained by means of a thin PDMS layer crosslinked by 
UV-light that prevents reversible operation. The system by Skaikh et al. is more 
complex including a silicon breadboard for integration of active components. A 
replaceable modular LoC platform was currently demonstrated by Yuen et al. 
[Yue09]. The principle is based on plugging elements into a base plate which contains 
standardized connection channels. The microfluidic interface is attained by 
miniaturized Luer-lock fittings. As far as commercially available modular LoC 
platforms are concerned, thinXXS Microtechnology AG has offered a “thinXXS 
construction kit” since 2007 which supports basic fluid operations such as 
transportation, mixing and distribution regardless of electronic interfaces [Thi10]. 
LioniX BV started to merchandise a system called MATAS (modular assembly 
technology for μTAS) in 2009. This system combines modular microfluidic 
components with a conventional circuit board for electronic interfaces [Lio10]. 
The requirements for the modular LoC platform presented here are aimed toward the 
development of fluidic interfaces between single LoC elements and the integration of 
online analytics in each module. The requirements include: (i) standardization of 
overall chip and connection dimensions, continuous illumination and microscopy; (ii) 
realization of a “plug’n’ play” concept granting the replacement of components for the 
use as disposable LoC elements; (iii) integration of electronic, optical and fluidic 
connectors (micro-to-micro interfaces and micro-to-macro interfaces). The micro-to-
micro fluidic interface is realized in such a way, that minimal dead volume can be 
achieved resulting in short retention times. Furthermore, short connection distances on 
any plane allow for easier and more reliable sterilization of the LoC system. 
Chip Standardization 
The standardization criteria developed for the modular LoC systems state that the glass 
chip dimensions are to have a lateral length a of 16 mm, whereas the lateral length b 
can be varied in factors of 0.5, 1, 1.5 and 2 of the side length a (Figure 8.1). The 
PDMS chip was reduced in size by a factor of 0.89 to fit to the corresponding glass 
chip (resulting length of a equal to 14.25 mm). The overlap of the glass chip serves 
two purposes: (i) providing stable support for the fluidic interface needles, and (ii) 
necessary space for gold structured pads and their electronic connection at the lateral 
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side b. These pads have standardized dimensions of 1.0/3.5 x 1.5 mm². The patterned 
SU-8 molding frame (0.25 mm of thickness) for each LoC system offers simple, 
flexible and precise molding of the PDMS elements and avoids elaborate cutting. The 
flow direction of the medium was decoupled from the supply interface (pneumatic 
actuation, additional reagents, waste removal) and analysis interface (optical and 
electronic) at an angle of 90°. Fluidic inlets were located in the middle point of a. One 
exception was the LoC system named vMBR-BC; two inlets (gas and fluid) were 
necessary and were positioned at a distance of 4 mm from the midpoint on the lateral 
side a (Figure 8.1 left). The supply interfaces were arranged at the midpoint of the 
lateral axis b and in distances of 5 mm from this midpoint. This arrangement allows 
for optical and electric interfaces at ten different positions in the vMBR-BC (Figure 
8.1 left). 
 
Figure 8.1: Standardization of the modular LoC systems 
Optimization of the Fluidic Interface 
The internal fluidic interface of each LoC system is realized through the cutting of 
commercially available needles (Sterican, Braun). The challenge is to ensure a 
leakage-free interface that covers minimal space. This is achieved through integrated 
passive structures (Figure 8.2(a)) in the PDMS inlet and outlet channels featuring 
either self-sealing barbed hooks (design 1), integrated glue notches (design 2) or a 
combination of both (design 3). Only the barbed hook structures resulted to be 
unreliable. Where design 1.a did not possess any sealing effect, design 1.b was stable 
up to pressures of 0.15 bar. For the gluing process, the needle is first inserted in the 
fluidic PDMS channel and then silicone glue is applied into the reservoirs that were 
https://doi.org/10.24355/dbbs.084-201901241153-0
LoC Construction Kit: Modular to Monolithic 
153 
punched beforehand with a high pressure dispenser (Ultimus, EFD, Bedfordshire, 
UK). Liquid glue surrounds the needle and seals the fluidic interface after curing. The 
designs were successfully proven for system pressures up to 1 bar. Long-term tests 
over several days demonstrated a truly leakage-free connection method. The third idea 
was to combine both principles.  
 
Figure 8.2: (a) Optimization of the fluidic interface designs for: (1) Passive self-sealing structures 
based on barbed hooks, (2) integrated glue reservoir, (3) combination of (1) and (2), (b) 
Photograph of optimal design 3b 
The optimal structure was found to be design 3.b, featuring semi-circle glue reservoirs 
(diameter of 500 μm) located at a distance of 500 μm from the edge of the PDMS 
chip. The design is complemented with barbed hooks: one in front and one behind the 
reservoir. The barbed hooks prevent glue from entering in the microchannel in order to 
avoid blockage of the channel. Apart from withstanding pressures up to 1 bar, this 
structure offers a very reliable, space saving and clean assembling method, as gluing is 
conducted within the LoC system and not outside of the device (Chapter 4.6). The 
channel width c (Figure 8.2(a)) has to be a factor 0.63 smaller than the outer diameter 
of the needle. This ratio guarantees a reliable and leakage-free connection.  
Plug-in Adapter Module for Modular LoC Networks 
The constructional solutions for the design of the modular network are explained in the 
following. The idea is to combine all individual LoC systems and auxiliary elements in 
one line, while decoupling the fluidic path from the electronic / optical and actuation 
connectors. A plug-in adapter module was proven to be the most suitable solution: 
Each LoC system is connected to an adapter made of polycarbonate (Figure 8.3(a)). 
The adapter module consists of a chip carrier and fluidic / electrical / optical plug-in 
connectors. The chip carrier combines several elements and functions such as through-
holes for the plug-in connectors and integrated cavities for reusable peripheral 
components (LED, photodiodes and PELTIER elements). The LoC system is placed on 
the carrier and laterally (on the x-axis) fixed with needles in the fluidic connectors 
https://doi.org/10.24355/dbbs.084-201901241153-0
LoC Construction Kit: Modular to Monolithic 
154 
(Sterican, Braun) creating a fluidic interface between two adapter modules. The 
plugging of the fluidic connector to the chip carrier is realized through fit borings and 
fit bolts. The fluidic connector enables both the macro-to-micro interface and the 
micro-to-micro interface between two adapter modules. One of the main avantages of 
the fluidic connector – apart from enabling the replacement and/or addition of modules 
within the network – is the provided stability of the integrated fluidic needles. The 
needles counteract the problem associated with the long torsion arms that result from 
regular needle gluing (Chapter 4.6). 
 
Figure 8.3: Modular adapter module made of polycarbonate including the chip carrier for the LoC 
system and the fluidic, electrical and optical connectors.  
The requirements of the electrical and optical connectors address aspects such as 
universal applicability, reusability, reliability and easy handling. The electrical plug 
offers an easy way of connecting LoC systems to the system periphery. Electrical 
connections are needed for contacting electrodes (retention time, amperometric 
measurement in the biosensor, microheater) or contacting the PZT actuator. Spring 
contact probes (INGUN Prüfmittelbau GmbH, Stadthagen, Germany) are integrated 
into the electrical connector to obtain user-friendly and reliable contact between the 
microstructured gold-pads and the periphery. In addition, irreversible and elaborate 
soldering can be avoided. The arrangement of the gold electrodes on the glass chip 
follows the standardized schematic as mentioned above.  
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The optical connector consists of a plug-in bridge that spans the LoC system along the 
x-axis. The plug-in positions on the chip carrier follow again standardized dimensions. 
For example, the chip carrier for the vMBR contains five different plug-in positions 
(Figure 8.3). Optical components can be included for measuring local bubble 
formation, OD, DO or pH along the z-axis (from above down into the chip). The basic 
setup resembles a bridge on which different optical elements can be mounted, such as 
LEDs or fiber optics. For the latter component, the optical connector is extended with 
an integrated spring system. This permits non-destructive adjustment of the fragile 
fiber optics at the PDMS surface of the LoC system as described in Chapter 5.3.2.  
8.2 Monolithic LoC Platform 
Several monolithically integrated LoC platforms for biological applications have been 
presented. Lee et al. [Lee06a] developed a cultivation platform with four parallel 
MBRs. In addition to peristaltic mixers and microfluidic injectors, this platform (made 
of glass and PDMS) includes elements for online analytics (DO, pH, OD). Another 
cell culture platform was presented by Wu et al. [Wu08] containing integrated 
micropumps, microvalves and reaction chambers. Zhong et al. [Zho08] reported on a 
three layer PDMS platform for gene expression profiling of human stem cells. 
As the focus of this work was on the development, optimization and analysis of 
various single LoC systems and not on the fabrication of only one technically matured 
LoC network for one single application, emphasis was placed on the modular design. 
However, the LoC systems can easily be integrated onto a monolithic platform for a 
tailor-made application. An example is depticed in Figure 8.4. According to the 
disposable LoC concept presented in Chapter 3 this system could include (but is not 
limited to) an MBR with integrated online analytics, different auxiliary elements for 
interval sampling of culture medium and transportation to the biosensor.  
The LoC system consists of a gold and ITO structured glass chip (including electrodes, 
microheater, alignment structures or anti-stick pads) which is bonded to a PDMS 
sandwich. This sandwich is always composed of at least one layer and can have a 
maximum of three lithographic levels. The first level holds the nozzle of the vMBR or 
the filtering structures, whereas the second level can include the structures of reactor 
chambers, channels, fluidic and optical interfaces etc. The third level could be 
patterned with grid structures for optical analysis at concrete locations. The pneumatic 
actuator is implemented in the second PDMS layer. The air channel is connected via a 
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throughput hole to the first PDMS layer where the fluidic needle interface to the 
periphery is located. 
 
Figure 8.4: Schematics of a monolithic LoC platform   
The advantage of the monolithic network is the minimization of required chip space. 
Elements do not have to be necessarily arranged in a line, but can also feature 
branched structures. The peculiarity of the material setup is that the simple layer 
assembly consisting of a maximal amount of two PDMS layers (including 4 different 
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9 Conclusion and Outlook  
The main goal of this work was to develop different disposable LoC systems for the 
application of biotechnological screening e.g. for bioprocess development through 
microorganisms or drug testing with human cell lines. Nowadays, microfluidics 
represents a highly promising field for the fabrication of microtools, as the increasing 
demand for screening data are difficult to meet with current platforms. This is mainly 
due to time and cost aspects as well as a limited amount of newly developed drugs.  
The ideal microfluidic platform for biotechnological screening should include three 
different groups of elements: (i) microbioreactors (MBR) in which cultivation takes 
place; (ii) auxiliary microfluidic systems (for transportation, filtration or mixing), and 
(iii) enzymatic biosensors for on-chip analysis of substrate concentrations which are 
difficult to measure offline due to small available sample volumes. 
Within the scope of this work, various MBR designs were developed, fabricated and 
successfully applied to the screening of different biological expression systems, such 
as yeast cells (S. cerevisiae), fungal spores (A. ochraceus) and primary human 
endothelial cells. The basic setup of all the MBRs was composed of a patterned PDMS 
element which was bonded to a glass substrate. This approach completely fulfills the 
criteria for disposable applications.  
The designed MBRs can generally classified as horizontal (hMBR) and vertical 
(vMBR) MBRs. Systems that were developed, fabricated and successfully analyzed in 
the hMBR category include: a grid reactor (hMBR-G), an MBR with integrated 
passive elements (hMBR-PE) and photonic MBRs based either on multiple internal 
reflections (hMBR-MIR) or on segmented waveguides (hMBR-SWG). Different 
integrated functional structures based on geometrical, optical or electrical elements 
allowed for online monitoring of various physical, chemical and biological process 
parameters during cultivation. Within these hMBRs homogeneous biomass suspension 
could not be consistently guaranteed. The hMBR-ST – composed of an integrated 
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stirrer mounted on a microtechnologically fabricated stator – was able to overcome 
this problem, which was proven in the planktonic cultivation of S. cerevisiae. 
However, difficulites with these systems arise not only concerning fabrication effort 
(cost and time intensive) but also with bubble elimination. This problem was 
addressed with the development of the vMBR which was based on: (1) biphasic 
(vMBR-FB) or triphasic conditions (vMBR-BC). The main challenge with the latter 
was the optimization of the nozzle structure for the generation of microbubbles within 
the reactor. The developed MBRs demonstrate overall potential as screening 
instruments for the determination of growth kinetics, in that the continuous cultivation 
in suspension can be applied. 
In order to further increase the integration density of online analytics within the MBR, 
different functional elements were designed and successfully characterized. The 
functional elements include among others integrated emitters and filters based on a 
sol-gel composition doped with quantum dots or inks and dyes, respectively. 
Integrated heating structures made of ITO were developed to allow homogeneous 
temperature stabilization within the MBRs. For this purpose, the processing of ITO 
was optimized and suitable electrode structures and electrode isolation were analyzed. 
In terms of the second group (auxiliary systems), passive and active microvalves, PZT- 
and pneumatically actuated micropumps, passive filtration and mixing elements were 
produced. The systems were characterized with respect to different process parameters 
and dimensions. In addition, all systems have in common the simple PDMS-glass 
setup also used for the MBRs. 
The third group comprises different types of enzymatic biosensors based on a hybrid 
detection principle (electrochemical and optical by means of integrated electrodes and 
photonic elements, respectively). Principle functionality of the hybrid sensor could be 
proven by means of different concentrations of ferrocyanide solutions. In addition to 
transducer methods, several methods for the improvement of the enzymatic response 
(based on covalent immobilization) were performed. It was distinguished between 
internal surface modifications or externally modified microbeads. The latter gave 
promising results for time and cost saving biosensor applications due to its flexible 
batch procedure.  
With regard to all the LoC systems developed, processing of the negative SU-8 
masters (based on single or double lithographic steps) was adapted and optimized on 
an individual basis for distinct applications. In general, the unique LoC setup (PDMS-
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glass) allows an easy integration of different systems into one monolithic LoC 
platform. Monolithic platforms are usually better suited for technically mature 
systems. In contrast, modular systems are advantageous for prototyping of new 
microfluidic applications, as it was done in the scope of this work. With respect to 
modular applications, an LoC construction kit was developed that fulfills several 
requirements: (i) an adapter based on a plug’n’ play concept for easy replacement of 
single modules, (ii) integrated electronic, optical and fluid connectors for both the 
micro-to-micro and the micro-to-macro interface, and (iii) the standardization of 
overall chip and connecting dimensions. 
Currently, another vMBR design is being developed, the so-called vertical jet nozzle 
reactor (vMBR-JN). The principle setup of the vMBR-JN consists of a similar reactor 
chamber as applied in the vMBR-BC. The main difference is that the nozzle design is 
replaced with an active valve and a pneumatic micropump as presented in 
Chapter 6.1.2 and 6.2.2, respectively. In doing so, mixing in the reactor chamber is 
induced through liquid impulses from the pneumatic pump at concrete intervals. This 
results in jet like circulation of the fluid which is rising with respect to the vertical axis 
of the reactor. Due to the successful characterization of both the micropump and 
microvalve presented here, this reactor design is promising.  
Furthermore, the successful development of integrated online analytics represents 
significant improvements in LoC systems with regard to their complexity and 
integratability. In future work, one important application of the developed and 
characterized functional elements will be fluorescence measurement (e.g. for the 
detection of GFP or for live/dead viability tests). For this case, yellow filters will be 
needed to filter out the blue emission light for more sensitive detection of the 
fluorescing green or red light.  
To conclude, for all developed microfluidic elements, it is paramount to assure a 
reliable prediction of process outcome on the microscale. Obtained data must therefore 
always to be compared to results achieved on the macroscale, in so-called cross 
validations. This will validate that screening on the microscale is of sufficient and 
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A Process Plans 
I. Single Lithographic Processes 
 
(a) Structure layer thickness: 230 μm 
 
Master applications: hMBR-PE, hMBR-MIR, hMBR-SWG, vMBR-FB, Passive microvalves, Active 
microvalves, PZT-pump, Pneumatic pump (fluid and air chamber), Micromixer 
(zig-zag), Biosensor with hybrid transducer 
Parameters: 
1. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 2.5 h drying at 95 °C 
2. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 4 h drying at 95 °C 
Exposure: 740 mJ/cm² (230 μm)* 
 
(b) Structure layer thickness: 360 μm 
 
Master applications: hMBR-PE, Enzymatic bead reactor (EBR) 
 
Parameters: 
1. Layer: 6 mL SU-8 50, spin-coating at 400 rpm and 7 h drying at 100 °C 
Exposure: 1000 mJ/cm² (360 μm)* 
 
 
II. Double Lithographic Processes 
 
(a) hMBR-G (1. Structure layer: 230 μm, 2. Structure layer: 2.5 μm) 
 
Parameters: 
1. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 2.5 h drying at 95 °C 
2. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 4 h drying at 95 °C 
Exposure: 740 mJ/cm² (230 μm)* 
3. Layer: 4 mL SU-8 5 (dissolved in 1:1 GBL), 3000 rpm, 20 min drying at 95 °C 
Exposure: 74 mJ/cm² (2.5 μm)* 
 
(b) hMBR-ST (1. Structure layer: 230 μm, 2. Structure layer: 320 μm) 
 
Parameters: 
1. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 2.5 h drying at 95 °C 
2. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 4 h drying at 95 °C 
Exposure: 440 mJ/cm² (230 μm)** 
Development: 1. Structure layer of 230 μm and baking for 1 h at 95 °C 
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3. Layer: 4.5 mL SU-8 50, spin-coating at 1200 rpm and 2 h drying at 95 °C 
4. Layer: 4.5 mL SU-8 50, spin-coating at 700 rpm and 6 h drying at 95 °C 
5. Layer: 4.5 mL SU-8 50, spin-coating at 700 rpm and 7 h drying at 95 °C 
Exposure: 600 mJ/cm² (320 μm)** 
 
(c) vMBR-BC (1. Structure layer: 20 μm, 2. Structure layer: 500 μm) 
 
Parameters: 
1. Layer: 4 mL SU-8 25, spin-coating at 2500 rpm and 1.5 h drying at 95 °C 
Exposure: 140 mJ/cm² (20 μm)**, baking for 1 h at 95 °C 
2. Layer: 4 mL SU-8 25, spin-coating at 1500 rpm and 1 h drying at 95 °C 
3. Layer: 4 mL SU-8 50, spin-coating at 700 rpm and 2 h drying at 95 °C 
4. Layer: 4 mL SU-8 50, spin-coating at 700 rpm and 6 h drying at 95 °C 
Exposure: 700 mJ/cm² (500 μm)** 
 
(d) Microseparator (1. Structure layer: 2 μm, 2. Structure layer: 230 μm) 
 
Parameters: 
1. Layer: 4 mL SU-8 5, spin-coating at 3000 rpm and 20 min drying at 95 °C 
Exposure: 60 mJ/cm² (2 μm)* 
2. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 2.5 h drying at 95 °C 
3. Layer: 4 mL SU-8 50, spin-coating at 1200 rpm and 4 h drying at 95 °C 
Exposure: 740 mJ/cm² (230 μm)* 
 
(e) Micromixer with “herringbone” (1. Structure layer: 140 μm, 2. Structure layer: 70 μm) 
 
Parameters: 
1. Layer: 4 mL SU-8 50, spin-coating at 900 rpm and 3.5 h drying at 95 °C 
Exposure: 520 mJ/cm² (140 μm)* 
2. Layer: 4 mL SU-8 25, spin-coating at 780 rpm and 2 h drying at 95 °C 
Exposure: 400 mJ/cm² (70 μm)* 
 
 
* mask aligner : EVG-420 
** mask aligner :  EVG-620 
 
https://doi.org/10.24355/dbbs.084-201901241153-0
